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CHAPTER I - INTRODUCTION

Although the first experiments on the combustion
of metals date back almost two hundred years (1) to the work
of van IngennHauz in 1782, the current, strong interest in
this field stems from the use of metals in propellants. Al-
though the use of metal additives results in undesirable high
molecular weight, condensed phase oxide products, the high heat
of combustion of metals (per unit weight of fuel and oxidizer)
overcomes these disadvantages to give a net increase in per-
formance (i.e., higher specific impulse). In other rocket
applications, where loading density becomes the paramount
consideration, the use of metals is even more attractive.

Additional impetus for a fundamental study of metal
combustion derives from such diverse areas as abort re-entry
of orbiting reactors, nuclear reactor fires, photoflash

applications, tracer bullets and general illumination devices

such as flares.

The desired knowledge of the details of the com-
bustion process differs widely in these varied applications.
In propellant considerations one is concerned primarily with
obtaining efficient combustion, or more specificélly, complete
combustion of the metal component within the short residence
times available in rocket motors. Here, one must know first

of all whether the metal reacts efficiently in the vapor

phase or whether possibly slow surface reaction on the surface
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of the metal particle is to be expected. Also, factors
affecting the ease of ignition and the length of ignition
delay times must be obtained. In addition, because the
condensed reaction products can contribute to performance
inefficiencies due to both thermal lag and velocity lag as
the gases are expanded through the nozzle, it is im-
portant to know the range of particle sizes to be expected.
Thus, one desires a knowledge of the nucleation, growth
and agglomeration steps for the oxide particles. Accuréte
size determination of these particles is also important if
one wishes to explain the role played by the metal oxide
smoke in damping pressure oscillations within the rocket
motor. Metal combustion may in itself coﬁple with or give
rise to such pressure disturbances.

In the applications utilizing the intense light
output of metal flames, the interest is in the fundamental
radiation characteristics. The radiation may be thermal or-
chemiluminescent in character. If the radiation is chemi-
luminescent, there is the possibility of tailoring the light
output to suit specific applications such as controlling the
color temperature of a flash bulb. Here, too,a knowledge of
the particuiars concerning the condensed particles is im-
portant, since the continuum radiation emitted by these high
temperature condensed species may, under certain conditions,
be the dominant radiation overshadowing the discrete line and

band radiation of the excited atomic and molecular species.



(3) .

In 1959, Glassman (2) published a paper in which
several basic hypotheses were presented. These hypotheses
were a consequence of fundamental reasoning concerning the
thermodynamic behavior of the metals and their oxides. The
points presented in this paper can be conveniently summarized

as is done below:

(1) The upper limit for the flame temperature is
a value equal to the boiling point of the
metal oxide.

The limiting of the flame temperature to the boiling
point of the oxide is a direct result of the fact that for
most metals the heat of vaporization of their oxide is greater
than the heat available in the reaction forming the oxide.
Note that since a great number of the oxides also dissociate
upon vaporization (3), this is a further energy barrier at
the boiling point temperature of the oxide.

This hypothesis assumes realistic initial tempera-
tures for the reactants, since initial temperatures could be
chosen sufficiently high that the flame temperature could ex-
ceed the boiling point of the oxide.

(2) 1If the boiling point of the metal oxide is

greater than the boiling point of the metal,
"steady-state" combustion takes place in the
vapor phase. For the opposite situation in which
the boiling point of the metal exceeds the

boiling point of the metal oxide, a surface com-
bustion process is expected. :

This criterion for vapor phase or surface reaction

is readily understood on the basis of the idealized model used

for hydrocarbon droplet burn%ng, which is shown in Figure 1.
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For vapor phase reaction to occur, the flame temperature at
some distance from the droplet surface must be greater than
the droplet temperature so that heat feedback from the de-
tached reaction zone provides the energy to vaporize the fuel.
Since the flame temperature is limited to the boiling point
of the oxide as pointed out above, and since the droplet
temperature will not exceed the boiling point of the metal,
the necessary condition for vapor phase burning is that the
boiling point of the oxide be greater than the boiling point
of the metal.

It was later pointed out (4) that statement (2)
was a necessary but not a sufficient condition for vapor
phase combustion. The reason is that heat losses could lower
the flame temperature to a value less than the boiling point
of the oxide.

(3) Radiation plays an important part in metal
combustion.

Because of the high temperatures occurring in metal
flames and because of possibly large concentrations of con-
densed products in a high temperature region, it was felt
that radiation both to the surroundings and from the reaction
zone to the droplet surface could be important.

(4) Ignition phenomena could be entirely different
from the controlling steady combustion phenomena.

Statement (4) recognizes that although the "steady

state" combustion>could take place by a vapor phase mechanism,
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the pre-ignition reactions were generally surface reacfions
and thus there was no reason to anticipate that the same type
of behavior would govern both cases.

The experimental work which this thesis describes
was undertaken in large part to verify and provide further
substantiation of some of these hypotheses. A recent ex-
tensive investigation by Mellor (5) has examined the prob-
lem of metal ignition and has presented a model for metal
ignition along with experimental evidence to support the
ignition model.

In order to determine whether calcium and strontium
would burn in the vapor phase, as would be predicted by the
criterion for vapor phase combustion, an experimental in-
vestigation of the combustion behavior of these metals was
undertaken. Some of the early experimental observations with
calcium indicated that existing models of the flame structure,
which were based in large part on the collapsed flame zone
model of hydrocarbon droplet theory (suitably modified for
metal fuels), were not correct. A decision was made to
attempt to determine more precisely the flame structure of
metal vapor-phase diffusion flames, in particular the flames
of the alkaline-earth metals Mg, Ca and Sr.

The present investigation, described in the following

chapters, is primarily experimental in nature. In order to
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present a general model free from the peculiarities of a
particular metal and a particular experiment, several

metals were used in two different combustion configurations.
Magnesium, calcium, and strontium were studied, some in much
more detail than others. The two different combustion con-
figurations employed were the following:

(1) Metal samples in the form of wires or strands
were heated by resistive methods until ignition
occurred. Controlled atmospheres of oxygen
and argon were used at various sub-atmospheric
pressures. Diagnostic techniques included
photography, observation of radiation of
selected wavelengths (isolated by narrow band
pass interference filters), and space~resolved
spectroscopy.

(2) A two-dimensional metal-oxygen diffusion flame
was obtained by adapting for metal combustion
studies, a special burner previously used by
Wolfhard and Parker (6) for the spectroscopic
investigation of hydrocarbon flames. The main
diagnostic technique applied to this two-di-
mensional flame was space-resolved spectroscopy.

It is hoped that some aspects of the model will

also be applicable to the flames of both barium and beryllium
since these metals and their oxides are iso-electronic with
the metals and oxides studied in the present investigation.

Table 1 lists the relative melting points and

boiling points of the metal and the oxide for the group IIA
elements for which the flame structure model is expected to
hold. It is immediately obvious from an examination of this
table, that the vapor-phase criterion is easily satisfied

despite the uncertainty which surrounds most of these high

temperature thermochemical values. Thus, all five of these
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metals are predicted to burn in the vapor phase.

The present investigation confirms the predicted
vapor phase combustion for Mg, Ca, and Sr as supported by
visual, photographic and spectroscopic observations.

In summary, the present investigation of the
flame structure of vapor phase flames for the group IIA
metals seeks to contribute additional evidence which may
eventually result in answers to the following as yet
unanswered questions:

(L) The radiation from the flames may be thermal
or chemiluminescent in nature. If it is in-
deed chemiluminescent, is there a logical
series of kinetic steps to account for the
energies involved in the excitation?

(2) Does the flame temperature approach its
limiting value of the boiling point of the
oxide?

(3) What range of particle sizes can be expected
in metal combustion reactions? What control

., can be exercised over the processes of nu-
cleation, growth, and agglomeration in the
condensation of the oxide products?

(4) Is a significant portion of the reaction
proceeding by a heterogeneous mechanism on
the surface of condensed oxide particles?

Chapter II will review existing flame models and
the basis for their support. Chapter III is a literature
survey of the current spectroscopic data for the alkaline-
earth oxides. Energy level diagrams for the metals as well
as the oxides are presented in this chapter. Chapter IV

describes the experimental apparatus and procedure used in

the present investigation. Chapter V contains the experi-
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mental observations and Chapter VI is a discussion of these
observations. Chapter VII presents the details of the pro-
posed model for the flame structure, including a comparison
with features of flame models of other investigators.

Chapter VIII is a summary. Appendix A is a literature survey

of vaporization data for the alkaline-earth oxides.



(11)

CHAPTER II - FLAME MODELS

In this chapter the various models that have been
presented in the literature to represent the flame structure
of metal-oxygen diffusion flames will be reviewed.

The evidence to support these proposed models varies
significantly. 1In some cases visual observation alone is the
sole criterion suggesting a flame model. Burning rate cal-
culations performed under the guidelines of this postulated
model are then compared with experimentally determined
burning rates to judge the validity of the model. Other
models result from more complete experimental determinations
including such diagnostic measurements as optical spectro-
scopy, electron microscopy and x-ray diffraction studiés of
the combustion products, quench studies of metal particles
in all stages of combustion, and determination of kinetic
rate constants.

It should be pointed out that unknown or uncertain
high temperature values for many of the parameters required
in order to be able to perform an analytical calculation of
a burning rate, preclude the possibility of definitely
establishing one flame model as correct on the basis of com-
paring calculated and measured burning rates. 1In the same
manner it has not been possible to assess critically the
various assumptions that have been made in all of these ad-

mittedly idealized and simplified models.
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1. Finite Reaction Zone Model Due to Coffin

The earliest of these models is due to Coffin (9).
In his experiments Coffin studied the burning of magnesium
ribbons in various mixtures of oxygen with argon, nitrogen,
helium and argon-water vapor. His evidence indicated a
vapor phase reaction for magnesium combustion bearing some
analogy to the combustion of liquid fuel drops. However,
the model generally used for liquid fuel droplets, Figure 1,
was not used by Coffin. Instead of this "collapsed flame
front" model, a finite thickness for the reaction zone was
adopted. Coffin's model is illustrated in Figure 2.

In this cylindrical model, there are three con-
centric zones. The inner zone AB contains only the metal
vapor and the inert diluent. Metal, which is vaporized at
the fuel surface by the heat conducted back from the reaction
zone, diffuses from the ribbon surface at A, where it is at
a temperature close to the boiling point of the metal, to
the reaction zone which starts at B. The reaction zone was
considered to be at the boiling point of the magnesium oxide,
as had been suggested by experimental flame temperature
measurements (10, 1ll1l). It was also believed that the oxide
dissociated almost completely upon vaporization Kl2).

The reaction zone BB” thus consisted of a mixture
of magnesium vapor, oxygen and condensed oxide at the boiling

point of the metal oxide in a stagnant film of inert gas.
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It was assumed that chemical equilibrium existed among
the species in this zone.

The third zone B'C is the zone through which oxi-
dizer diffuses from the surroundings to the constant tempera-
ture reaction zone. The oxygen is heated from the ambient
temperature of the surroundings to the flame temperature as
it diffuses inQard. The condensed oxide from the reaction
zone cools as it moves outward from the reaction zone through
the zone B'C.

Idealized assumptions which were made for this model
were as follows: free convection was ignored; the pressure
was considered to be 1 atmosphere throughout the system; the
inert gas was considered as a stagnant film throughout the
system.

2. Liguid Oxide Bubble Model Due To Fassell and Co-Workers

A second model for the combustion of metal particles
has been proposed by Fassell and co-workers (13, 14). Al-
though these authors indicated that the gas phase spherical
diffusion flame theory adequately accounted for the combustion
of magnesium, they suggested that higher boiling metals did
not burn in conformity with this model. A parficular case of
this latter category of metals was aluminum. In the experi-
ments of Fassell et al, aluminum and various aluminum-mag-
nesium alloy particles were burned in two different types of

torches in either methane-oxygen mixtures, or a combination
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of methane, oxygen and air.

Visual observations, high speed photographic
measurements and detailed observations including x-ray
diffraction of the combustion products suggested to these
workers that the diffusion flame model which had apparently
been successfully applied to the combustion of magnesium,

did not in fact represent the case of aluminum combustion.
Based largely on the appearance of the combustion products,
Fassell et al proposed the model which is depicted sche-
matically in Figure 3.

A continuous layer of molten oxide covers the metal
droplet. The evaporating metal from the droplet, which is
considered to be at its boiling point, causes the molten
oxide layer to form a bubble. The limiting step to further
reaction is considered to be diffusion, through this molten
oxide layer, of either metal vapor diffusing outward, or
oxygen diffuéing inward. Reaction is considered to take
place at the liquid oxide interface. The authors considered
the possibility of the molten oxide bubble exceeding a criti-
cal size and bursting, thus scattering fragments of both oxide
and freshly exposed metal.

It was thought that this model provided the ex-
planation of the numerous hollow oxide spheres present in
the combustion products. It also satisfied one of the diffi-
culties which arose from the x-ray diffraction studies,

namely the appearance of species such as MgA1204 which would
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not be thought likely to occur in a vapor phase diffusion

flame.

3. Collapsed Reaction Zone Model Due to Brzustowski and
Glassman

The first model due to Coffin subsequently came
under criticism by Brzustowski and Glassman (15). In addition
to certain facets which they felt had to be included in the
analytical model (thermal radiation from the flame front to
the surroundings and to the droplet surface; diffusion of
oxygen toward the flame front being affected by the con-
densed product), they stated that the thick reaction zone
used by Coffin predicted a flame structure "notably different™
from observed flames. Coffin's contribution was felt to be
the comparison of the diffusion flames of metals and of hydro-
carbons. This comparison was the basis on which Brzustowski
and Glassman proceeded to develop a flame model which is
outlined below.

The analysis was based on the theory developed to
describe the combustion of hydrocafbon droplets, namely the
collapsed flame front model depicted in Figure 1, but was
modified +to account for specific characteristics pertaining
to metal combustion. These particular features are pre-
sented below:

(1) The flame temperature will be fixed at the
boiling point of the oxide. Some oxide will
always form in the condensed state. (Coffin's
model was a particular case of this general

statement. His model was specifically for
magnesium. )
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(2) The presence of the condensed oxide products
will affect the diffusion of oxygen to the
reaction zone. Movement of these solid or
liquid products must occur due to bulk motion
of gaseous species since they cannot diffuse.

(3) Thermal radiation will probably be an important
consideration because of the existence of
these condensed species in the high tempera-
ture regions of the flame. It can possibly
result in higher evaporation rates for the
- fuel due to an increased heat feedback, but
it can also lead to significant losses to the
surroundings.

(4) In the case of metal combustion, evaporation

rates of the fuel may not be fast compared to
diffusional processes.

With the above considerations in mind, the collapsed
flame zone model of Figure 1 becomes the metal combustion
model proposed by Brzustowski and Glassman. Heat feedback
(due to both conduction and radiation) from the thin flame
front B, evaporates metal from the fuel surface at A. This
metal vapor, at a temperature which may be several hundred
degrees lower than the metal boiling point, diffuses through
the stagnant film AB toward the high temperature flame fronf
at B.

Oxidizer from the surroundings diffuses toward the
flame front through the film BC. This diffusion of the oxi-
dizer is opposed by the outward movement of combustion products
which were formed in the thin flame front at B. Heat is con-
ducted and radiated to the surroundings through this film BC.

As in the case of the earlier model of Coffin,

idealizations considered in this model include uniform
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pressures throughout the syﬁtem, and a system steady in time.
It was assumed that combustion products did not diffuse back
to the fuel surface through the film AB, but that all products
diffused through the film BC to the surroundings. This last
assumption was justified in part by the observation of
Brzustowski that although oxide was observed on the wire sur-
face (probably'from back diffusion of the products) it did

not appear to have an appreciable effect on the observed
burning mechanism. As will be pointed out later in this chap-
ter, more recent experimental work of other investigators does
not support this assumption of no back-diffusion of the com-
bustion products.

An important feature of the Brzustowski-Glassman
model is the attention paid to the condensed oxide products.
Condensed oxide particles can be transported out of the flame
zone only if a bulk outward gas velocity exists in the zone
BC. The diffusion equation for this zone gives the con-
ditions under which such a bulk velocity can be achieved.

A parameter o< is defined as the fraction of the
condensed oxide product that is vaporized. This parameter
is a function of the flame radius when there is dissociation
in the flame zone and subsequent recombination in the zone
BC. The result, derived analytically by Brzustowski,
illustrates that an outward bulk velocity in thé zone BC

occurs when more than one mole of gaseous products is formed
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for every mole of oxidizer participating in the reaction.

In the reaction zone itself, the degree of dis-
sociation of the oxide varies according to the balanée be-
tween heat liberated in the reaction and heat radiated or
conducted to the surroundings. If heat losses are large
enough, it would be expected that condensed oxide deposits
would appear in the flame front itself.

It has sometimes been incorrectly stated in the
literature that a collapsed reaction zone assumption would
define zero concentrations for the reacting species at the
flame front. Brzustowski (16) points out the correct defi-
nition of a collapsed flame front as follows: ". . . . to a
desired degree of accuracy, the dimensions of the reaction
zone and the changes in reactant concentrations through it
are small with respect to the dimensions and concentration
differences involved in the diffusion processes."

Brzustowski found Coffin's thick flame zone model
unacceptable because, firstly, it assumed that no gaseous
oxide was present because of complete dissociation, whereas
spectroscopic observations showed significant oxide vapor
radiation and secondly, Brzustowski's interprétation of his
flame photographs showed an entirely different structure.
Over a large pressure range from 50 torr to 12 atmospheres
the bright flame zone thickness was small in comparisan with

the dimension between the metal surface and the flame front.
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4. Extensions of the Brzustowski-Glassman Model Due to Knipe

In a survey paper on aluminum particle combustion
by Christensen, Knipe and Gordon (17), a critical discussion
of aluminum particle combustion models was presented. The
two models discussed were the models due to Fassell et al
and the Brzustowski-Glassman model discussed in the previous
two sections of this chapter.

One of the criticisms of the model of Fassell and
co-workers is that the postulated rate-controlling step of
diffusion through the oxide shell must be accepted with some
caution because of considerable uncertainty about the magni-
tude of this diffusion rate. This model does take into account
the normal metal oxide coating which exists on the metal
particle prior to ignition, but the bubble of oxide which is
proposed may be unstable.

A criticism of the Brzustowski-~Glassman model is
that it does not explain the fate of the normal oxide coating
which exists on the metal surface. A suggestion is that the
oxide may accumulate in one area giving rise to a metal sphere
with an agglomerated oxide cap. The basis for this suggestion
comes from observations of such metal-oxide configurations in
quench studies. However, this is then a considerable departure
from the idealized one-dimensional, spherically symmetric
model of Brzustowéki and Glassman.

Another criticism of this model is the treatment of
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dissociation fragments in the reaction zone. Allowing for
the fact that their precise nature is not known, aluminum
and oxygen atoms are the major fragments of dissociation of
the oxide. Since the reaction zone is at a high tempera-
ture, it is expected that a heterogeneous reaction will be
more likely than vapor-phase reaction to gaseous oxides,

and as a consequence the conditions favorable to the nu-
cleation of the condensed oxide may play some role in deter-
mining the location of the reaction zone.

Christensen et al conclude from this survey of
combustion models that the Brzustowski-Glassman model does
describe the gross features of aluminum particle combustion
but that there are significant features not contained in the
idealized model. As a consequence, Knipe (18) sought to
extend the Brzustowski-Glassman model as is indicated below.

The Brzustowski-Glassman model does indicate the
conditions under which condensed oxide may build up in the
reaction zone. Knipe suggests that this fact should raise
strong questions about the applicability of a steady state
approximation especially in view of the many statements in
the literature suggesting that, because of the condensed
nature of the products, radiation will be an important heat
transfer mechanism in metal flames. As pointed out previously,
Knipe also proposes that the principle reaction path will be
via heterogeneous processes on the condensed Qxide within

the reaction zone. It is also stated that the zone of con-
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densed oxide particles has been observed experimentally to
possess considerable thickness. This is a plausible obser-
vation for such a proposed heterogeneous reaction zone
since dissipation of heat, which occurs most efficiently

at the edges of this thick zone, significantly affects the
progress of the reaction.

In the Brzustowski-Glassman model, back-diffusion
of the gaseous combustion products to the metal surface was
assumed not to take place. However, experimental observa-
tions of Prentice (18) showed that significant amounts of
oxide did build up on the metal surface during combustion,
indicating that oxygen-containing species were present in
the region between the metal particle and the flame front.

Figure 4 is an attempt to represent schematically
the model which Knipe proposes.

This model is characterized by a heterogeneous
reaction zone of appreciable thickness which probably extends
in both directions with time as mentioned previously. A
narrow nucleation zone is expected to exist between the re-
action zone and a position where the inward-diffusing oxygen-
containing species (both evaporation products'and partially
reacted species) make up a saturated vapor relative to con-
densation. A second nucleation zone is proposed on the oxi-
dizer side of the reaction zone.

Note that the importance of recognizing the back

diffusion of gaseous combustion products is of more signifi-



(24)

INNER
DIFFUSION
ZONE

~ NARROW
~ NUCLEATION
/ /  ZONES

p— HE TEROGENEOUS
/ o A REACTION ZONE

OXYGEN

CONTAININING
/( ATMOSPHERE
f

METAL
VAPOR

/

OXYGEN /
. \/

\ —_
OXYGEN-CARRYING SPECIES PARTICLE CLOUD THICKNESS MAY
BOTH FROM EVAPORATION OF EXTEND WITH TIME BECAUSE
CONDENSED ALUMINA AND HETEROGENEOUS REACTION
INCOMPLETE REACTION IN PROCEEDS MOST EFFICIENTLY AT
THE REACTION ZONE THE CLOUD BOUNDARIES

REF. . R.H.KNIPE
NOTS TP 3916 APRIL 1966
TECHNICAL PROGRESS REPORT 415

A MODEL OF ALUMINUM PARTICLE COMBUSTION

FIGURE 4



(25)

cance than merely explaining some of the features attributed
to a non-symmetrical burning configuration (e.g. particle

spinning). Condensation of oxide on the metal surface would
be an appreciable heat transfer mechanism operating between
the reaction zone and the particle surface since much of the

heat of reaction is in the heat of condensation.

5. Heterogeneous Reaction Model Due to Markstein

Markstein (19), although he has not set out a
specific flame model, has discussed vapor-phase burning of
metals and has contributed significantly to the problem of
whether or not heterogeneous reaction or homogeneous re-
action dominate metal combustion, in particular in the case
of magnesium.

Figure 5 is reproduced from Markstein's paper (19)
and representsa schematic representation of most of the
processes that might possibly play a role in vapor-phase
combustion.

Markstein states that heterogeneous reaction on the
metal surface is not likely a significant process once the
vapor phase flame is fully developed. This statement is re-
flected in the schematic by the dashed lines used to depict
this process.

Back diffusion of oxide vapor is also expected to
be significant as evidenced by a consideration of the experi-

mental evidence of Macek (20).
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Markstein agrees.that the question of heterogeneous
versus homogeneous reaction is far from settled and thus far
has been an area of speculation and controversy. In an
earlier work (21) Markstein seems to have demonstrated the
strong role played by heterogeneous reactions in low pressure
dilute magnesium-oxygen flames. In these experiments mag-
nesium vapor was carried in an inert carrier gas (Argon).

The mixture of magnesium and argon carrier gas entered the
stagnant oxygen-argon atmosphere of the combuétion chamber
through an orifice. Total pressures ranged from about 2 to
10 torr. The spectra of the resulting flaﬁe showed no line
and band radiation at all, but instead consisted of continuum
radiation with several maxima. In addition, it was observed
that oxide growths were present near the orifice. The lumi-
nescence of these oxide growths was also characterized by a
broad maximum in the blue closely resembling that of the
dilute flame spectrum. Markstein suggested that the reaction
path was following a heterogéneous route. Recent work of
Markstein (19, 22, 23) has been an attempt to determine rate
constants for this proposed heterogeneous reaction and to ob-
tain further experimental evidence to elucidate details of
the mechanism.

Markstein is cautious about the interpretation of
emission spectra by other authors as being an indication of
homogeneous reaction, suggesting that the high electronic

energies of the states observed in spectra may be difficult
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to explain on the basis of kinetic steps that are probably
not highly exothermic.

If one were to postulate the structure of a com-
bustion model which would fit the particular conditions of
Markstein's experiments, namely low pressure highly-diluted
flames, it would appear schematically as indicated in
Figure 6.

Note that nucleation zones are not specifically
defined. Markstein stated (21) that some homogeneous re-
action may be required initially to furnish sites for the
ensuing heterogeneous reaction but that in the fully de-
veloped reaction it would be expected that homogeneous re-
action would not be significant. Since oxide vapor is not
present due to the lack of homogeneous reaction, it would
also be likely that not much oxide would appear on the metal
surfaces. This statement is based on two facts. Firstly,
most evaporation products dissociate, and thus, very
little oxide vapor for back diffusion could be expected from
this process. Secondly, it was pointed out earlier that
Markstein felt that heterogeneous reaction on the metal
surface was unimportant when fully developed reaction had been
established. Thus the schematic in Figure 6 indicates no back

diffusion of oxide vapor to the metal surface.
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CHAPTER III - DISCUSSION OF SPECTROSCOPIC DATA

It was pointed out in Chapter I that Glassman
(2) was able to suggest significant hypotheses about the
nature of metal combustion strictly on the basis of funda-
mental reasoning concerning thermochemicalvdata for the
metals and their oxides. The importance of knowing the
proper values of these thermochemical data in attempt-
ing to define and interpret flame models cannot be under-
estimated. Since many of these thermochemical values are
based on spectroscopically determinedAconstants, an
accurate knowledge of the electronic states of the metals
and their oxides is a prime requisite. 1In addition, since
the primary diagnostic technique used in the experiments
reported in later chapters is spectroscopy, the reliance
upon spectroscopic data is of dual importance. A survey of
the spectroscopic literature for the alkaline-earth oxides
shows that a great deal of unéertainty, confusion and specu-
lation still exists despite a significant amount of research
in this area in recent years.

In view of the importance of spectroscopic and
thermochemical data in the problem of flame structure de-
termination, it was considered essential to include the
following critical analysis as an integral part of this

thesis.
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1. Energy Levels, Known Transitions and Other Band Systems
Attributed to the Alkaline-Earth Oxides

Several band systems in the visible part of the
spectrum have been analyzed for each of the alkaline-earth
metal oxides and have been assigned to transitions between
singlet states of the diatomic oxide, e.g., CaO.

As reported in a survey paper by Schofield (24),

other oxides (Be,O, Sr.0O, Ba

2 2 2
(Bao)z) have been identified in the gas phase by techniques

o, (Beo)n n=1,2,...,6 and

such as mass spectrometry. This author is, however, present-
ly unaware of any spectroscopic evidence with the exception
of the hypotheses of some authors that the complex and as

yet unresolved band systems dué to the oxides may be due to
polymeric emitters. For example, Gaydon (25) has suggested
that the green and orange band systems of calcium oxide are
much too complex to be the result of a transition between
singlet states, that a transition between triplet states is
possible, but, also, that a polyatomic emitter such as Ca202
is favored.

As pointed out above, all of the band systems that
have been analyzed for these oxides, correspond to transitions
between singlet states. There are reasons, however, for ex-
pecting triplet states to exist. These reasons are two-fold.
The lowest lying singlet states X/'Z do not correlate
with ground state atoms, M (lS) and O (3P). The Wigner-witmer

. 3 3:
rule indicates that only 1T or molecular states correlate
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with the,ls and 3P states of the metal and oxygen atoms re-
spectively (26).

The second reason for expecting triplet states is
that molecular orbital calculations such as performed by
Brewer and Trajmar (27) and Richards, Verhaegen and Moser (28)
suggest low-lying triplet states, and even the possibility of
a triplet for fhe ground state of MgoO.

Additional confusion in the spectra of alkaline-earth
oxides has arisen in the paét because of the existence of
alkaline-earth hydroxide bands in the same spectral regions
(in several cases completely overlapping regions) as those of
the oxides. The recent experimentél activity in this field
has resolved much of this confusion by isotope substitution
experiments.

In the following sections the spectroscopic data for
each of the metal oxides will be dealt with separately.

The reference for the following data, except where

specifically noted otherwise, is Pearse and Gaydon (29,30).

a. Beryllium Oxide

All of the band systems thought to be due to beryl-
lium oxide have been ascribed to the diatomic oxide BeO and,
although all of the systems for which states are given corres-
pond to transitions between singlet states, the complex struc-
ture of the UV bands suggests that two or more singlet systems

and a triplet system may be overlapping in this spectral region
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(29). Contrary to what.is suggested for other complex oxide
bands (i.e. for magnesium, calcium, strontium and barium) it
is not suggested that the complexity may be due to a poly-
atomic or polymeric emitter. This is the case even though
the polyatomic specie Be, O and polymeric species (BeO)n
n=1,2,..6 have been identified (24).

The notation for the states of BeO as reported in
Ref. 29 has recently been revised (30) to conform to that
of Herzberg (31).

The observed systems, the transitions and the wave-
lengths of the (0,0) bands of these systems are summarized
in Table 2.

An energy level diagram illustrating the transitions
is provided in Figure 7. |

TABLE 2

BAND SYSTEMS OF BERYLLIUM OXIDE

Beo . ;\(0,0) a°
Blue-Green System B 'Z - X Z 4,708.6
Red System AT — X! )3 10,826.6
Bengtsson's U. V. System D'TT — A'Tr 3,134.0
Harvey and Bell's U. V. System C'Z — A'Tr - 3,363.7
Lagervist's System B|Z — A 'Tr | 8,358.

Note that there are additional bands in the UV
which are not specifically mentioned in the systems of either
Bengtsson or Harvey and Bell, both of which are considered to

be somewhat doubtful groupings.
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b. Magnesium Oxide
’ Until a few years ago there were only two band

systems of magnesium oxide which had been analyzed. These
were the red and green systems,both of which have been
assigned to transitions between singlet states of the diatomic
oxide MgoO. |

Other bands in the UV were ascribed to an oxide of
magnesium,but the complexity of these bands was taken as an
indication that they were due either to transitions between
triplet states of the diatomic oxide or that the emitter was
either polyatomic or polymeric.

. Brewer and Trajmar (27) and Brewer, Trajmar and Berg

(32) showed that some of these UV bands belonged to a system
which they assigned to a transition between singlet states
of the diatomic oxide, i.e., C‘Z —>A'TT for MéO. They also
presented evidence (27) that the emitter of the UV bands was
not polyatomic. Based on mass action measurements they con-
cluded "that no substantial portion of either the oxide or
hydroxide bands can be due to a polyatomic molecule with more
than one magnesium or one oxygenper molecule." Additional
evidence of only one oxygen atom in the oxide -is provided by
the oxygen isotope substitution experiments of Pesic (33).

Still another band system in the UV assigned to
transitions between singlet states of the diafomic oxide
(()'Lx-—r,A'ﬂ') was found by Trajmar and Ewing (34, 35).

These two new systems accounted for some but not

all of the UV bands ascribed to the oxide.
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The possibility that these two new systems are not
really due to transitions between singlet states has been
proposed recently by Green (36). Based on the near equality
of spectroscopic constants, there is the possibility that the

C?'Z— and !3’15 states are not singlets, but might be
components of a triplet. Green presents considerable dis-
cussion about this point and experimental attempts to answer
the difficulty. The gquestion is not fully resolved.

Brewer and Trajmar (27) have made estimates of the
energies of the unknown levels of MgO. They indicate that
any triplet transitions would occur either in the infrared or
in the UV at wavelengths shorter than 4000 a° with the possible
exception of a 3TT‘-* SZ:- transition, whose position is un-
certain, but which might possibly occur in the visible.

In view of the prediction of low-lying triplet
states for MgoO (27,28), Green (36) searched the near UV and
visible regions of the spectrum (2400 —»6500 a°) for other bands
due to the oxide. His results, and suggested emitters, are as
summarized below:

A band system in the region from 3672 to 3688 A°
;s proposed to be due to MgO.

A second weaker band system in the region from
3637 to 3647 a° is probably due to an emitter other than MgoO.

The strong band heads at 3720.6, 3721.0 and 3721.4
a° are thought to be due to MgO. Pesic's work (33) indi-

cates that the emitter contains one oxygen atom.
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There is an additional series of bands which are
present in the region from 2600 to 2800 a°. It is not cer-
tain which emitter is responsible for these bands.

The analyzed spectroscopic states, the transitions
and the wavelength of the (0,0) band for the systems of MgO,
as well as the bands attributed to a magnesium oxide specie,
are summarized in Table 3.

An energy level diagram illustrating the transitions
is provided in Figure 8.

TABLE 3

BAND SYSTEMS OF MAGNESIUM OXIDE

Mgo | A,0) a°
Red System B'Y — A'T - 6060.3
Green System B ’Z — X”Z 5007.3
UV System C'Yy — A'TT 3773.5
UV System D'A — A'T 3806. 3

Other Bands Emitter

System at 3672 to 3688 A° | probably MgO
System at 3637 to 3647 a° probably not MgO
Bands at 3720.6, 3721.0, 3721.4 a° probably MgO"
Bands from 2600 to 2800 A° ' emitter uncertain

Note that there are still weak features in the com-
plex UV part of the spectrum that are unassigned. The com-
plicating effects of MgOH bands in this region increase the

problems of analysis.
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¢c. Calcium Oxide

There are three band systems in the visible and near
UV regions of the spectrum that have been assigned to the
diatomic oxide Ca0. These systems are the extreme red, blue
and UV systems and all correspond to transitions between sing-
let states. It was recently shown by Hauge (37) that the
additional bands in the near infra-red are a part of the ex-
treme red system mentioned above and do not constitute a fourth
band system.

In addition to these analyzed band systems there
are also strong band systems in the green and orange regions
of the spectrﬁm that have been shown to be due to the oxide
(25), (although other bands in the same region belong to the
hydroxide CaOH) but have not been analyzed because of their
complexity. It is suggested (29, 30) that the complexity may

be due to a polyatomic oxide such as Ca Recent oxygen

202.
isotope substitution experiments by Hauge (37) on green and
orange band systems observed in an arc between calcium elec-
trodes have not resolved the confusion. The emitter of the
green bands which Hauge observed, very likely contains only one
oxygen per molecule but there is the possibility that CaOH was
the emitter in these experiments since extensive efforts were
not taken to eliminate water. The wavelengths of the band

heads observed by Hauge correspond to the wavelengths attributed
to CaOH by Gaydon (25) in his hydrogen-deuterium substitution

experiments. Hauge aebserved the presence of CaH bands, which

indicate that some hydrogen was present in his experiments.
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In the case of the orange band system, Hauge did not observe
an isotopic shift, thus it was either too small to be
measured or oxygen is not contained in the emitter.

It is obvious that the identity of the emitter of
the orange and green band systems attributed to calcium oxide
is still largely unresolved.

The known states of CaO, the transitions that have
been analyzed and the wavelength of the (0,0) band for each
transition is summarized in Table 4. An energy level diagram
illustrating the known states and transitions is provided in
Figure 9.

TABLE 4

BAND SYSTEMS OF CALCIUM OXIDE

Cao A(0,0) [a°)

I
Extreme Red System A Y —+ 8652.2

71
X 1
Blue System B,Tr —b-xl"z 2
UV System C'Z — X”Z 3475.0

Other Bands

The green and orange band systems that have been
assigned to calcium oxide (other bands in these same regions
belong to the hydroxide) have not been anaiyzed because of
their complexity. It is possible that they correspond to
transitions between triplet states of the diatomic oxide,
or that the emitter is polyatomic or polymerié.

d. Strontium Oxide

The three band systems that have been analyzed

have all been assigned to transitions between singlet states
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of the diatomic oxide, Sro.

In addition there are bands located in the orange
and red regions of the spectrum near 5950 a° and 6050 a°
and in the region between 6400 and 6850 2° that have not been
analyzed. It has been suggested that a polyatomic oxide may
be the emitter of these bands. |

Isotope substitution experiments and other techniques
often used to identify the nature of the emitter have apparent-
ly not been applied to these band systems as was done for both
magnesium and calcium oxides.

The known states of Sr0O, the transitions that have
been analyzed and the wavelength of the (0,0) band for these
systems have been summarized in Table 5.

Figure 10 is an energy level diagram for SroO.

TABLE 5

BAND SYSTEMS OF STRONTIUM OXIDE

Sro A (0,0) [a°]
" 7 | -
Infra-Red System A2 —X > 9195.8
I
Blue System B ! Tr — X, z 4058.0

UV System C'S — )("Z 3503.8

Other Bands

Other unanalyzed bands attributed to the oxide occur
near 5950 and 6050 A° and between 6400 and 6850 A°. These
bands may be due to a polyatomic oxide. Note.that there
are also hydroxide bands (SrOH) in most of the spectral re-

gions in which these unanalyzed bands are formed.



(43)

04S HO04 WVYHOVIA 13A31 A9HINI

A Ge 'l

N\

¥ 8°6616 (00
W3LSAS Q3 -VuINI

« (o0'0)
VO 8S0b X —
W3I1SAS 3n18 Ao ge'e
(0‘0) A HGoE

oV 8'¢0G¢ X
W31SAS AN

W:X

LV

£, 0

[#2]-rou3n3

FIGURE 10



(44)

e. Barium Oxide

There is one extensive band system in the visible
region of the spectrum that has been assigned to a transition
between singlet states of the diatomic oxide, BaO. The recent
work of Wharton, Kaufman and Klemperer (38) and Wharton and
Klemperer (39) in molecular-beam studies has shown that the
lower state ()(/‘ZT) involved in this analyzed band system is
the ground state of BaO and that there are no other states

within 4000 cm 1

of this state.

Other more complex bands attributed to the oxide near
4800, 5020, 5500 A° and in the infra-red have not been analyzed
and may be due to a polyatomic oxide. Once again, isotope
substitution experiments have apparently not been used for
these bands as was the case for magnesium oxide and calcium oxide.

Table 6 summarizes the spectral data for barium oxide

and Figure 11 is an energy level diagram for the known system

of BaoO.
TABLE 6
BAND SYSTEMS OF BARIUM OXIDE
BaO A(0,0) [a°]
Extensive System A, Z — X/ ' Z : 5976.3

in the Visible

Other Bands

Other bands attributed to the oxide are found near
4800, 5020, 5550 A® and in the infra-red. The emitter may be
a polyatomic oxide. Note that bands due to the hydroxide are

found in the same spectral regions as these unanalyzed oxide

bands.
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2. Ground Electronic States and the Possibility of Low-
Lying Triplet States for the Alkaline-Earth Oxides

In the previous section of this chapter it was
pointed out that in many cases the lowest observed electronic
level may not be the ground state for the alkaline-earth oxide
molecules. (To indicate this uncertainty a prime will be used
in the spectroscopic notation, e.q. x”Z rather than )('Z .)
A knowledge of the nature of the ground state and also of other
low-lying states is a requisite if one intends to calculate
thermochemical data for these species or analyze presently un-
known band systems. In the case of the oxides of interest, the
existence of a triplet ground state or of low-lying triplet
states would strongly influence the calculations due to the
statistical weight of these triplet states in the partition
function. Whereas, the lowest observed ’Z: states have a

3 3
statistical weight of 1, a Z? or Tr state would have a statis-
tical weight of 3 or 6 respectively. The presence of low-~lying
3 3 . : .

2: and 7T states is predicted for these alkaline-earth oxides,
but as stated in the earlier section of this chapter, no trip-
let states have yet been observed experimentally for any of
these oxides.

In general, if the ground state of a diatomic mole-
.cule is known, it is possible to obtain the dissociation energy
directly by means of a Birge~Sponer extrapolation. However,
for the case of the diatomic alkaline—earth‘oxides a Birge-Sponer
extrapolation is probably not suitable since these molecules
exhibit a high degree of ionic bonding (24). Table 7 illustrates
the wide discrepancy between Birge-Sponer extrapolations for

the lowest observed electronic levels and a recommended value
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for the dissociation energy taking into account spectroscopic,
thermochemical cycle, and direct experimental values (24).
TABLE 7

DISSOCIATION ENERGIES OF THE ALKALINE-EARTH OXIDES

Birge-Sponer Extrapolation Recommended Values Ref (24)

BeO 111 (kcal/mole , 101.5 ”[ (kcal/mole)

96.7%%  (kcal/mole)
MgO ' 39 (kcal/mole) 82 ‘32_ (kcal/mole)
cao 37 (kcal/mole) 87 3% (kcal/mole)
Sro 35 (kcal/mole) 95 32; (kcal/mole)
Bao 127 (kcal/mole) 125.0 3T (kcal/mole)

a. Beryllium Oxide

For BeO it appears that'the_ground state is‘X,'Z: .

The Birge-Sponer extrapolation for the dissociation energy
agrees reasonably well with the value determined from thermal
studies. The recent calculations of Verhaegen and Richards
(40) indicate a'Zj ground state. They also show that.the
lowest lying excited state, a37r , lies sufficiently high
above the az: state so that fhere is very little contribution
from thesTT state to the electronic partition function. The
conclusion of Verhaegen and Richards is not in agreement with
the statements of Brewer and Trajmar (27) who indicate that
vthe317 state for BeO should be the major contributor to the
thermodynamic functions at high temperatures. The statement

by Brewer and Trajmar is based on a semi-empirical method,
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the application of molecular orbital correlations to predict
the low-lying electronic states (41l). The approximate
spacing of the energy levels in BeO is obtained by a com-

parison with the spacing in C On this basis it is ex-

3 2 1

pected that the T state would lie slightly above the-x z:
state for BeO, but that for the purposes‘of high-temperature
thermodynamic properties one should assume a gﬂ- ground state.

Kaufman (26) also suggests that the x”Zstate is
the ground state for BeO, pointing out that in addition to
the agreement found between the dissociation enérgies deter-
mined by spectroscopic and thermal studies, there have been
no perturbations observed in the lower vibrational energies

os X' .

b. Magnesium Oxide

Of all the alkaline-earth oxides, it appears that
if a triplet state is the ground state, it will be so for the‘
case of magnesium oxide. The previous section illustrated
that for BeO most of the evidence pointed to an X”Z ground
state. As will be shown in the following sections, the strong
experimental evidence of Wharton et al (38) and Kaufman et
al (26) for BaO and Sr0O respectively, indicate that )("Z is
almost certainly the ground state. Since the energy levels
of Ca0 and SrO are almost identical, Kaufman'et al (26) indi-
cate thatX“Zsmould also be the ground state for CaO. This
leaves only MgO as a likely possibility for a triplet ground

state.
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The molecular orbital correlations of Brewer and
Trajmar (27) indicate that thegn state for MgO would lie
slightly below the X/'ZZ state for MgO, whereas for BeO they
had predicted the 3TT state would be slightly higher than
the X”Z. In any case they state that for the pui‘pose of
calculating thermodynamic properties at high temperature,
one should assume a 3TT ground state.

The calculationsof Richards, Verhaegen and Moser
(28) for MgO, similar to those performed by Verhaegen and
Richards (40) for BeO, do not agree with Brewér'and Trajmar's
indication of a BTF ground state for MgO, although it is
pointed out that the triplet levels lie close enough to X/'Z
to influence the partition function. ‘The c;lculations (28)
indicate a 'Z ground state with 3T ana 32 levels as close
as 0.3eV to the ground state. The effect of these low-lying
triplet levels changes the partition function by almost a |
factor of three. The correction to the dissociation energy
reported by Drowart et al (42) amounts to a decréase in the-
value by 4.5 kcal/mole.

Kaufman et al (26) report that the three studies
(43, 44, 45) which show thatx{Zis not the'ground state are
of doubtful value }or the following reasons: part of the
emission in the experiments of Brewer and Porter (43) was
later shown to be due MgOH; Bulewicz and Sugdén (44) "somewhat
arbitrarily used only the high-temperature limit of their
data"; the thermochemistry of the system used by Thrush (45)

was not well known, and "the spectra were not actually
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identified with a triplet system as Thrush claims". The
transpiration study of MgO by Alexander, Ogden and Levy (46)
concludes that X/ ,Z is the ground state. Thus, Kaufman et
al (26) conclude that the guestion of the ground state is
still unanswered.

Schofield (24) considers that the ground state is
probably a triplet, and that.xlzjlies about 20 or 30 kcal
above this unkﬁown ground state, rather than the 50 kcai
suggested in other work (43, 44).

c. Calcium Oxide

The known states of CaO are very similar to those
of Sr0O and the evidence presented to show that XJ{Z is not
the ground state is almost exactly the same in both cases.
On the basis of their strong evidence that X”Z is the
ground state for Sro, Kaufman et al (26) suggest that it is
likely that CaO has X"”Z'as a ground state also. They indi-
cate that the flame studies of Huldt and Lagergvist (47) are
subject to question because of the possibility of such species
as SrOH and CaOH in the flames. These flame studies (47)

7} -
would place X Z 18,000 cm 1

(2.2eV) above the ground state.

Schofield (24) indiéates that the dihydroxiaés, e.g.
Ca(OH)z, must also be considered and, in fact; except at very
high temperatures and in flames of very low water vapor
content, the dihydroxide will be more importént than the
hydroxide (48).

However, for Ca(OH)2, no thermodynamic data are

available and the flame results cannot be corrected. The re-

sult is that themdissociation energy determined from hydrogen
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containing flames is an upper limit value only (24).

Hollander et al (49, 50) attempted to verify the
importance of small amounts of water vapor by performing
their flame studies in both "dry" and "moist" flames. Their
conclusion was that the dissociation energy was hot measurably
influenced by the presence of hydrogen.

On the other hand, Schofield (24) indicates that
the methods used by Hollander et al are "very susceptible"
to the.formation of small amounts of dihydroxide, and that
in the case of BaO (for which the data for Ba(OH)2 can be
applied) one should find & difference of 9 kcal/mole in the
dry and moist flames. Although this was the situation in
one case, it did not appear that Ca0O and SrO results showed
any effect. The implication that the dihydroxide formation
in the flames of these last twobmetals is less important, is
not in agreement with the conclusions reached by Schofield |
(24) from‘two other flame studies (51, 48).

As was reported in the earlier sectioné for BeO and
MgO, Brewer and Trajmar (27) estimated the position of the
unknown but expected low-lying triplet level;%n from a knowl-
edge of the energy level of the lﬂ~ state which results from
the same molecular configuration. The splitting between the
'1T and Bﬂ\ states was expected to vary little in going from
C, to BeO and MgO and in this way, the approximate position
of the 3ﬂ~ state could be located. 1In the case of CaO the
low-lying 'TT level has not been experimentally determined.

Hauge (37) presents some evidence which gives a lower limit
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o ) )
for the spacing between the X z:and the T states. Since
71
no perturbations were found in the X X up to v"=8, (and it
_ q )
is expected that the X Z and T state would perturb one
] -

another) the 1 state may lie higher than 5500 cm 1 (.68eV)

7 .
above the X Z:. Hauge indicates that this conclusion should
be accepted with some reservation.

d. Strontium Oxide

Kaufman et al (26) indicate that the X /‘Z state is
"almost certainly the ground electronic state of SrO". Their
molecular-beam magnetic deflection experimental’results lead
to the conclusion that the XM‘Z.state is certainly not 13,000
cm—l (1.6ev) above the ground state as is indicated by flame
studies (47).

The discussion of the flame studies of Huldt and
Lagergvist (47) and of Hollander et al (49, 50) would lead
to the same conclusions as reached in the previous section
for CaO, namely that the possible formation of the hydroxide
and dihydroxide could seriously alter the results.

e. Barium Oxide

For BaO it appears that the ground state is X,'Z
based on the experimental evidence of Wharton et al (38).
This molecular-beam experiment indicates that the lowest
observed electronic level " X/tis the ground_state of BaO
and that there are no other states within 4000 cm * (.495eV)
of this state" (26).

Also for BaO, the dissociation energy determined

from Birge-Sponer extrapolations agrees well with that de-
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termined from thermal studies (26).

Schofield (24) indicates that the results of
molecular-beam experiments referred to above along with
the fact that rotational perturbations are not observed
in the an:state tended to confirm this state as tﬁe ground
state. He points out however that the recent experiments
of Newbury (52) required an electronic statistical weight
of 10 rather than 1 ('2: ) to remove discrepancies in the

data.

Summary

Considering all the evidence regarding the identity
of the electronic ground state for the alkaline-earth oxides,
it is clear that the issue is not fuliy resolved. In the
case of BeO and MgO, although the ground states may indeed
be the X“Z states, triplet states are expected to lie very.
close to the ground state. The conclusions of Kaufman et al
(26), that X"Z is the ground state for Ba0O and Sr0O, are
supported by convincing experimental evidence. The strong
similarities between the energy level diagrams of CaO and SrO
indicate the likelihood that Xliris the ground state for

Ca0 also.

3. Energy Level Diagrams for the Alkaline-Earth Metals and
Atomic Oxygen

To complete the spectroscopic data presented in this
chapter, energy level diagrams of the alkaline-earth metals
and of atomic oxygen are reproduced in Figures 12 - 17. The

information contained in these figures will be required in
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the discussion of the spectroscopic observations reported in
Chapter v, but for convenience, the figures have been placed

in this chapter with the spectroscopic data for the oxides.
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CHAPTER IV - EXPERIMENTAL APPARATUS AND PROCEDURE

In the experiments performed to determine the flame
structure of the alkaline-earth metal-oxygen flames, two
different experiments were performed. The present chapter
is a description of the apparatus and procedure for these
two experimenﬁs, namely, the wire-burning experiments and
the two-dimensional diffusion flame burner experiments.

The first part of this chapter outlines the materi-
als used in these studies. The following section contains
a description of the wire-burning apparétus, the procedure
used in the wire-burning studies and the associated diagnostic
equipment. The last part of the chapter describes the two-
dimensional diffusion flame burner which was originally de-
signed for spectroscopic studies of hydrocarbon flames
(6, 53), but which has been adapted to metal combustion studies
in this work. | '

1. Materials

a. Gases

All of the experiments to be described in the
following chapter were performed in atmospheres of oxygen
and argon, with the exception of the few tests performed to
éssess the effects of water vapor. Gases were obtained from
the Ligquid Carbonic Division of General Dynamics. The gases
used were of commercial purity. Typical analyses for these

gases are listed in Table 8.
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TABLE 8

TYPICAL GAS_ANALYSES

Argon 99.998%
N2 less than 10 ppm
0, less than 10 ppm
H, ' less than 5 ppm
Oxygen | 99.5%
N2 + H2 less than 5000 ppm
' H,0 less than 11 ppm

In all of the wire burning experiments and in about
half of the burner experiments, the desired mixture of oxygen
and argon was prepared for one day's experiments in a mixing
chamber charged to a total pressure of 2 atmospheres. Mixingv
was by diffusion.

In other burner experiments the oxygen-argon mix-
ture was a commercially prepared mixture supplied by The
Matheson Company; Inc. The oxygen used in these mixtures was
ultra-high purity grade. The oxygen purity for this grade is
99.95% minimum. The argon in these mixtures was high purity
grade with a purity of 99.995% minimum.

All of the experiments were carried out at sub-
atmospheric pressures. Most of the wire experiments were
performed at 50 torr with a few experiments carried out over
the range from about 1 torr to 760 torr. Mosf of the experi-

ments performed in the two-dimensional diffusion flame burner
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were performed at 200 torr.
b. Metal Samples

In the wire-burning experiments the desired sample size
was a wire of about 1 mm diameter with a length of about 11 mm.
For the metals used in the present investigation the desired
sample dimensions were not readily available from suppliers.

Magnesium wire is available in only one size,

0.76 mm dia. In all of the experiments performed by Brzustowski
(16, 54), and in some of the experiments performed in the
present investigation, maénesium in ribbon form was used.

The ribbon, with typical dimensions of 2.9 mm in width and
0.0016 mm. in thickness, was obtained from Baker and Adamson
(Code 1901).

Calcium is not available in wire form. Strands of
calcium were obtained by cutting narrow strips from a thin
sheet of the material. It was possible to obtain strands
with quite uniform dimensions, typically 1.0 mm x 1.0 mm X
12 cm. The calcium was obtained from A. D. MacKay Inc. Thé
stated pufity of the calcium sheet was 99.0% with the balance
largely CaClz. The calcium was shipped and stored in mineral
oil. This oil was removed before an experiment either by
Washing the sample in hexane or in a vapor degreaser using
Freon 113 as the fluid. The experiments showed no difference
between the two cleaning methods.

Strontium is not available in wire form or in sheet

form. Strands of strontium were prepared by pressing rods of
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strontium 15.9 mm in diameter to a sheet of approximate thick~
ness 1.25 mm which was then cut into narrow strips to yield
strontium strands of approximately square cross-section.
Typical strand dimensions were 1.25 mm x 1.25 mm x 12 cm.
The strontium rods were obtained from A. D. MacKay Inc. The
stated purity was 99.0% with Mg, Ca and Ba as the main im-
purities. The storage in mineral oil and treatment prior to
test were the same for strontium as reported above for
calcium.

In the burner experiments the sample dimensions
were less critical since the metal was vaporized and carried
in an inert carrier gas in the experiment. The calcium and
strontium burner experiments were performed with the samples
as outlined above for the wire-burning experiments. Two or
tﬁree strands were cut into shorter lengths, typically 2.5 cm.,
for one burner experiment. The magnesium for the burner ex-
periments was obtained from A. D. MacKay Inc. in the form of
rods 3.2 mm. in diametexr. These rods were cut ihto 2.5 cm. .
lengths. ' About 10 such lengths of magnesium were used in each
experiment. The stated purity of the magnesium was 99.9% +.

2. Wire-burning Apparatus

a. Apparatus Description

The essential features of the wire-burning apparatus
used in these experiments are the same as used initially by
Brzustowski (16, 54) and more recently by Mellor (5). All of

the experiments were performed at sub-atmospheric pressures
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and the experiments were carried out in either a bell jar or
the combustion chamber pictured in Figure 18. The details
of the apparatus are essentially the same for either the
bell jar or the combustion chamber.

Figure 19 is a echematic representation of the
system showing all parts of the apparatus with the exception
of the circuit used to obtain ignition of the wire samples.
A schematic of this circuit is shown in Figure 20.

The combustion chamber itself was a vessel de-
signed to operate at pressures up to 20 atmospheres. The
dimensions of the vessel wefe 25 cm. dia., 30 cm. long
yielding a volume of 14.7 litres. Quartz observation
windows 2.54 cm. in diameter were located in the front and
real sections of the chamber as well as on the horizontal
and vertical axes passing through the center of the chamber
as pictured in Figure 18. Visual, photographic and spectro-
scopic observations were made through these guartz windows.

The drying chamber which was used when filling
either the mixing chamber or the combustion chamber was a
Matheson Model 460 Purifier with a type R cartridge. Dew
points of - 100°F can be achieved with these cartridges.

The metal samples were mounted between large brass
electrodes as indicated in Figure 21. Most of the samples
were mounted vertically, as indicated in the photograph,
although some of the initial experiments were performed with
the sample mounted horizontally. The vertical configuration

was found to be more suitable for the space-resolved spectro-
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FIGURE

|18
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FIGURE 2I
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scopic experiments.

The wire sample was heated to the point of ig-
nition by applying a voltage to the electrodes that increased
linearily with time. This was accomplished by using a
motor and reducing gears to rotate the brush on a Variac.
Brzustowski (16, 54) reports more details on this method
of igniting wire samples.

Although the heating current to the electrodes
was not terminated when the sample ignited (unless of course
the sample broke at the time of ignition) it was determined
by separéte tests that this did not appear to affect the
flame. Pictures of the flame when the metal sample was
still intact showed the same structure as those in which the
metal sample had broken and continued to burn at both
electrodes.

The voltage, current and light output were all re-
corded on a Honeywell Model 1206 Visicorder.

b. Procedure

.A metal sample of Mg, Ca or Sr (the Ca and Sr
samples were cleahed as noted earlier to remove the oil under
which they were stored) was mdunted between the large brass
electrodes as pictured in Figure 21. The chamber was then
closed and evacuated to a total pressure of about 103/4 .
The chamber was then filled with argon and agéin evacuated
to a pressure of about 10€/4 . This flushing procedure
was performed at least onée and in many cases twice. The

desired atmosphere of oxygen and argon was then admitted to
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the chamber either from the mixing chamber, or by mixing
in the combustion chamber itself using the component gases
argon and oxygen from the gas storage bottles. The bldwers
mounted in the chamber, which can be seen in Figure 21, were
used to aid mixing.

Wwhen the desired atmosphere at the specified total
pressure for the experiment was in the chamber, the power
to the Variac and to the motor to drive the Variac was then
turned on. The voltage across the metal sample thus in-
creased linearly with time. The current passing through
the sample caused it to heat to the point of ignition. It
should be noted that this requirement that the metal sample
retain. structural integrity until the point of ignition
was not a problem in either the calcium or strontium ex-
périments and that only in the low-pressure magnesium ex-
periments does one experience breaking of the metal sample
without ignition and combustion. Brzustowski (16, 54) indi-
cated that this was a flame spreading problem. |
c. Associated Diagnostic Equipment

Most of the flame photographs were taken with a
4" x 5" Graflex Speed Graphic-camera equipped with a Polaroid
4" x 5“ Land Film Holder #500. The film used was Polaroid
Positive/Negative Type 55 P/N which has an ASA rating of 50.

35 mm color slides of the flames were obtained
using a Beseler Topcon Super D reflex camera. Extension tubes

were used with this camera when closeups were required. The
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film used was Kodak High Speed Ektachrome which has an ASAV
rating of 160.

The spectrograph used in these experiments waé a
Bausch and Lomb 1.5 meter stigmatic grating spectrograph,
Model No. 1ll1l. First and second orders are superimposed.
Filters were used to remove the second order when this was
thought to be necessary. The dispersion in first order is
15 Ao/mm over the wavelength range from 3700 a° to 7400 Ao;
The grating is blazed at 4900 A°. The film used in most of
the experiments was Kodak #2475 Recording Film.

Densitometer traces were obtained on a Leeds and

Northrup microdensitometer of the Knorr-Albers type.

3. Two-Dimensional Diffusion Flame Burner

a. ApparatuS»Description

The two-dimensional diffusion flame burner to be
described in this section was originally designed by Wolfhard
and Parker (6, 53j for the spectroscoéic examination of
H2—02, NH3—O2 and hydrocarbon‘—o2 flames at atmospheric
pressure.. This burner design has been adapted for metal
combustion studies at reduced pressures in the present in-
vestigation.

The burner is shown schematically in Figure 22.
A photograph of the burner assembly is given in Figure 23.

Essentially the burner consists of two flat ducts
which share one long side in common. The fuel flows in one

of these ducts and the oxidizer in the other.- The velocities

of the two flows are matched so that at the exit of the ducts,
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FIGURE 23
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mixing occurs by diffusion. Flow rates are small so that
the flow remains laminar.

In order to stabilize the flame and also to pre-
vent entrainment of the atmosphere surrounding the flame into
the flame gases, an inert gas jacket surrounds the duct
assembly.

To adapt this burner for metal combustion studies,
it was necessary to provide a means of heating the furnace
to temperatures in excess of 1000°C in order to vaporize
the metal sample and to maintain it in the vapor state as
it flows along the duct.

The heating was accomplished by winding a re-
sistance heating element around the inert gas jacket. The
inner duct assembly receives its heat by conduction and by
radiation from the walls of the inert gas jacket. The wire
for the resistance heating element was Kanthal Grade A-1l
obtained from the Kanthal Corporation. This resistance wire
has a maximum temperature limit at 1375%c. |

"The duct dimensions were as follows: width 6 mm.,
depth 21 mm., height 88 mm.

The inert gas jacket was 18 mm. in width, 46 mm. in
depth and 118 mm. in height.

The gas supply tubes for the carrier gas and the
oxidizer mixture were 2.8 mm in diameter with.0.52 mm wall
thickness.

All metal parts of the burner were constructed

from 304 stainless steel.
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The temperature of the burner was measured with a
Pt. - Pt. 13% Rh thermocouple which was located at the base
of the fuel duct in order to closely approximate the tempera-
ture of the metal sample itself rather than the furnace
wall temperature.

The entire burner assembly was mounted in a com-
bustion chamber as shown in Figure 24, to permit operation
at reduced pressures.

The gas flows to the chamber were measured with
Brooks Sho;Rate flow meters. Needle valves were used fo
control the flows.

The-pressure in the chamber was maintained constant?
during an experiment by means of a Cartesian manostat, which
had been modified slightly to increase its flow capacity.

A schematic of the apparatus is provided in
Figure 25.

Figure 26 is an overall view of the apparatus
showing the console, the combustion chamber, the optical
components and the spectrograph.

The optical components of the system can be seen
more clearly in Figure 24. The first component is an image-
rotating device constructed using three first-surface mirrors
(55). This is followed by a quartz lens, a filter to sepa-
rate 1lst and 2nd orders, a shutter and the spectrograph.

Also visible on the front of the spectrograph is a bulk

film holder which was designed.and built for this spectro-
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FIGURE 24
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FIGURE 26
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graph. This bulk film loader hold up to 100 feet of film
and permitted several spectra to be obtained during a
single burner experiment.

b. Associated Diagnostic Equipment

The cameras, films, spectrograph, etc., were the
same as reported earlier for the wire-burning experiments.
c. Procedure

The metal sample was placed in the rembte‘control
metal loader which consisted of a small container with a
hinged bottom which could be opened by lowering the con-
tainer toward the burner assembly, thus pivoting the hinged
bottom.

The chamber was then closed and evacuated. It was
filled with Argon and re-~evacuated several times. It was
then filled with Argon to the desired pressure level for the
experiment. The Cartesian manostat was then set for this
pressure,

The power to the resistance heating element was
turned on- and the burner was heated up to the desired
temperature for the experiment. This heating period was
typically 20 minutes.

The gas flows were then set at their pre—determined
levels using the flow meters.

When the chamber temperature, the gés flows and the
chamber pressure were all steady, the metal sample was added

to the burner using the remote control metal loader.
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The flame, which appeared at the exit of the
burner ducts almost immediately, was quite steady and
could be maintained for several minutes.

Spectra, photographs and visual observations

were obtained during the duration of the steady flame.
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CHAPTER V - EXPERIMENTAL OBSERVATIONS FOR THE COMBUSTION OF
MAGNESIUM, CALCIUM AND STRONTIUM

This chapter is a description of the observations
of the combustion of magnesium, calcium and strontium in
two different experiments. The first part of the chapter is
concerned with the studies in which metal wiresl were mounted
between electrodes and heated to the point of ignition by
passing electrical current through the sample. The second
éart of the chapter is an account of the experiments performed
in the two-dimensional diffusion flame burner described in

Chapter 1IV.

l. Wire Experiments

Magnesium, calcium and strontium were all studied
in the wire burning apparatus described in the previous
chapter although they were not all studied to the same ex-
tent. Calcium was studied more extensively than strontium.
The results for strontium confirmed that its combustion
behavior was similar to that of calcium and thus fewer ex-
periments were performed with‘strontium. Magnesium was
studied extensively by Brzustowski (16, 54). Some of the
experiments performed by Brzuétowski were repeated. 1In
other éases Brzustowski's data were re-examined in the light
of recent spectroscopic data, results, etc. In general the
lack of symmetry in the magnesium wire experiments suggested
that ihformation could be obtained more readily from the

symmetrical calcium and strontium flames.

lWires, ribbons or strands. See Chapter IV for details.
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a. Calcium Wire Experiments
(i) Visual and Photographic Observations

Almost all of the experiments were performed at
total pressures of 50 torr in an atmosphere of 20% oxygen
and 80% argon. Experiments indicated that the flame ob-
served under these conditions was representative of the
main combustion features observed at other pressures over
the range from 5 or 10 torr to 500 torr, the main difference
is the physical dimensions of the flame.

A typical flame photograph for a calcium wire
burning in an atmosphere of 20% oxygen and 80% argon at a
total pressure of 50 torr is reproduced in Figure 27. The
important observation in this photograph is the existence
of a two zZone structure; namely, an inner zone of pre-
dominantly orange radiation lying close to the wire and
extending to about half the radius of the luminous envelope
which surrounds the wire, and an outer zone which appears
white in color and contains radiating condensed oxide particles
in a molten and/or solid state.

These observations of an inner zone of radiation close
to the wire were not in accord with the previous interpre-
tation of metal flame structure based on phot§graphic ob-
servations and a collapsed flame zone model (15).

In order to define and interpret the nature of this
inner orange zone of radiation the following experiments were

performed.
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CALCIUM WIRE BURNING IN 20% O,,
80% Ar AT 50mm Hg TOTAL PRESSURE.

FIGURE 27
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(ii) Photographs Through Narrow Band Interference
Filters at Selected Wavelengths

Photographs of the calcium flame, burning under
the same conditions as described above for Figure 27, were
taken through narrow band inter ference filters having a
half-width of 100 a° with wavelengths centered in the follow-
ing three selected regions:

(1) 6250 A° - the radiation passed by the filter in-
cluded bands attributed to calcium oxide and
continuum radiation from the condensed oxide
particles. The lines of calcium which lie in
the orange region of the spectrum do not fall
within the wavelength region passed by the filter.

(2) 4990 A° - the radiation passed by the filter is due
to the continuum radiation from the condensed oxide
particles. This spectral region contains neither
lines of calcium nor bands of calcium oxide.

(3) 4200 A° - since it was not possible to select one
of the orange lines of Ca without also including
radiation from the bands attributed to calcium oxide,
a decision was made to select a spectral region
which includgd the strong resonance line of calcium
at 4226.73 A~. The radiation passed by the filter
thus includes this Ca radiation plus the continuum
radiation of the condensed oxide particles.

The photographs taken through these interference
filters at 6250 AO, 4990 A° and 4200 A° are reproduced in
Figures 28, 29 and 30 respectively. It is to be noted that
Figure 28, which includes radiation attributed to bands of
calcium oxide, is the only photograph exhibiting the two zone
structure which was observed in Figqure 27, a non-filtered
photograph. These experiments indicated that calcium oxide
existed and radiated in the inner orange zone of the flame,

an unexpected result on the basis of previous flame structure

models.
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"It appeared illogical that calcium oxide vapor
should be radiating strongly in a location near the wire
surface and that calcium vapor evaporating from the wire
should not show the same dependence (as indicated by a com-
parison of Figure 28 and 30). A possible explanation was
that with a filter half width of 100 A°, the amount of
continuum radiation due to the condensed oxide particles
overshadowed the amount of radiation contributed by the Ca
resonance line. As a result this experiment was repeated
with a filter having a half width of only 12 A°, This filter
reduces by a factor of eight the amount of continuum radi-
ation due to condensed oxide particles, and retains the same
contribution from the Ca resonance line. The photograph
taken through this interference filter centered at 4231 a°
is reproduced in Figure 31. The two zone flame structure is
again apparent indicating that calcium vapor as well as
calcium oxide vapor is radiating strongly in the inner 2zone
close to the wire surface.

(iii) Space-Resolved Spectroscopic Observations

To determine the relative locations in the flame of
the various radiating species, space-resolved spectra were
obtained for the flames of calcium wires burning in an atmo-
sphere. of 20% oxygen and 80% argon at a total pressure of
50 torr. A schematic representation of the rélative position of
the spectrograph slit with respect to the cylindrically symmetric
calcium wire flame is presented in Figure 32. ‘Enlarged portions

of the spectrum are also reproduced in this figure.
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‘The streak running horizontally through the spectrum
indicates the position of the wire. Note that the upper and
lower edges of the continuum radiation in the spectrum are
due to the edges of the luminous envelope of the flame and are
not a result of the height of the spectrograph slit. As
indicated in the schematic, the ends of the slit éxtend
beyond the luminous envelope of the flame on both sides.

Figure 33 is a reproduction of a densitometer trace
of a typical calcium flame spectrum.

The identification of the atomic lines present in
the séectra was straight forward and the numerous lines which
were identified are listed in Table 9.

The spectral features attributed to molecular
species were not as simple to identify. All of the known
systems of Ca0 corresponding to transitions between singlet
states of the diatomic oxide were not observed. The CaO
band systems listed by Pearse and Gaydon (29) as "Meggers'
Infra-Red Bands" and the "Extreme Red System" would both
fall outside the spectral region of the particular spectro-
graph used in these investigations. However, the "Blue
System" and the "Ultra-vViolet System" are within the spectral
range observed in these studies, but both systems were
missing in the spectra.

The bands that are observed in the Spectra lie in
the green and orange regions and are diffuse in appearance.
Bands in the green and orange regions have been ascribed both

to CaOH and an oxide of calcium, not necessarily CaO, but

possibly a polyatomic or polymeric specie.
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TABLE 9

SPECTRAL LINES OBSERVED IN THE CALCIUM FLAMES (WIRE EXPERIMENTS)

A [A%]

3933.67
3968.47
4226.73
4283.01
4289.36
4298.99
4302.53
4307.74
4318.65
4425 .44
4434.96
4435.69
4454.78
4455.89
4581.40
4585.87
4607.33
4878.13
5261.70
5262.25
5264.24
5265.56
5270.28
5349.47
5581.97
5588.75
5594 .45
5598.47
5857.46
5889.96
5895.93
6102.72
6122.22
6162.17
6439.07
6449.81
6462.56
6471.66
6493.78
6499.65

6572.78
6707 .84
6717.68

SPECIE

Call
Call
Cal
CaIl
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Sr
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Cal
Na
Na
Cal
Cal
CalI
Cal
Cal
CaIl
Cal
Cal
Cal

Cal
Li

" cal

ENERGY LEVELS [K]

0-25414
0-25192
0-23652
15210-38552
15158-38465
15210-38465
15316-38552
15210-38418
15316-38465
15158-37748
15210-37752
15210-37748
15316-37757
15316-37752
20349-42171
20371-42171
- 0-21698
21850-42344
20335-39355
20335-39333
20349-39340
20349-39335
20371-39340
21850-40538
20349-38259
20371-38259
20349-38219
20335-38192
23652-40720
0-16973
0-16956
15158-31540
15210-31540
15316-31540
20371-35897
20335-35835
20349-35819
20371-35819
20335-35730
20349-35730

0-15210
0-14904
21850-36732

COMMENTS

very weak
very weak
self-reversed

very weak
very weak

impurity
very weak

very weak

weak

impurity
impurity

3 1
_{ Py —>"S_

inter-system line
impurity
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Although some of the green bands of CaOH and
caicium oxide overlap one another in the region from 5530
to 5570 A®, the bands observed in the region from 5473 to
5530 a° do belong to the system assigned to calcium oxide.
In addition a plate comparison with the spectrum of»calcium'
oxide reproduced in Ref. (29), appeared to confirm the
identification of.these bands as the green system of
calcium oxide.

The orange-red bands of CaOH and the orange system
of calcium oxide also fall in overlapping regions of the
spectrum. The bands observed in the flame spectrum were
identified as those of calcium oxide on the basis of the
plate comparison mentioned above, and the fact that some
structure is observed in the spectra whereas the orange-red
bands of CaOH are described as being "very diffuse".

Although the presence of bands of CaOH cannot be
ruled out entirely on the basis of the above assignments,
it seemed logical that in an experiment in which felatively
dry gases were used, the most intense spectral features ob-
served would correspond to the oxide rather than the hydroxide
band systems.

Since in the burner experiments to be described
later in this chapter it appeared that hydroxide bands might
be appearing in the burner flame spectra, some experiments
were performed in the wire-bﬁrning apparatus in which water
vapor was introduced into the chamber gases. These results

are also reported later in this chapter.
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The space-resolved spectra reinforce the observations
from the interference filter-selected wavelgngth'experiments.
The Ca resonance line at 4226.73 A° as well as numerous other
Ca lines and the band systems in the green and orange wave-
length regions attributed to calcium oxide, appear to have
their peak intensity a short distance from the wire surface
but well within the luminous envelope of the flame.

The Ca resonance line at 4226.73 A° is observed to
be self-reversed over the central portion of its length. How-
ever, it is not self-reversed over the remainder of its length
which corresponds to locations still within the luminous
envelope but further to the edge of the flame.

b. Strontium Wire Experiments
(i) Visual and Photographic Observations

Flame photographs of strontium wires burning in
an atmosphere of 20% oxygen and 80% argon at 50 torr total
pressure indicate that the flame structure for strontium
appears to be very similar tb that for calcium. A typical
flame photograph for the conditions mentioned above is re-
produced in Figure 34. The two zone flame structure, which
was reported in the previous section for the case of calcium,
is also evident in the strontium experiments. The overall
size of the luminous envelope and also the size of the inner
zone of coloréd radiation appear to be the same for both

the strontium and calcium flames.
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(ii) - Space-Resolved Spectroscopic Observations

Enlarged portions of avspace—resolved spectrum for
a strontium wire burning under the conditions outlined above
are reproduced in Figure 35. A densitometer trace of this
spectrum is presented in Figure 36.

As in the case of calcium the identificétion of
the atomic lines presented no problem, but the identification
of the molecular bands observed presented somewhat more
difficulty. Table 10 contains a list of the spectral lines
which were identified in these spectra.

Of the three band systems assigned to transitions
between singlet states of the diatomic oxide Sr0O, two of the
systems, namely the blue and ultra-violet systems, fall
within the spectral region observed in these experiments but
neither system was observed in the flame spectra.

The bands which were observed in.the spectra
occurred in the regions where bands of SrOH and bands of a
strontium oxide (possibly a polyatomic or polymeric specie)
exist in overlapping regions.

The band system near the Na lines, i.e., at wave-
lengths of about 5950 A° was attributed to strontium oxide
since the bands of SrOH occur at slightly longer wavelengths.
This assignment to the oxide rather than the hydroxide is
demonstrated much more conclusively later in this chapter
when the experiments to determine the effect of water vapor

are reported.
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STRONTIUM WIRE BURNING IN 20% O,
80% Ar AT 50mm Hq TOTAL PRESSURE .

FIGURE 34



(99)
ELECTRODE BLOCK WHITE OUTER ZONE

/ ORANGE-RED INNER ZONE

I

\E e
i

RELATIVE POSITION OF
SPECTROGRAPH SLIT

STRONTIUM WIRE MOUNTED VERTICALLY
IN ELECTRODES (IMAGE ROTATED 90°)

STRONTIUM
=~  WIRE
4607.33 4876.32 4962.26 EDGES OF
T LUMINOUS
(PARTIALLY SELF-REVERSED) O
STRONTIUM
I~ WIRE
9680.95 6408.47
5889.95 STRONTIUM OXIDE BANDS
Na
il . STRONTIUM
WIRE

STRONTIUM OXIDE BANDS | |

6892.59
6408.47 670&844 6791.05 6878.38

SPACE - RESOLVED FLAME SPECTRUM OF STRONTIUM
AT 50mm Hg, 20% 0, ,80% Ar

FIGURE 35



(100)

(SLNINIH3dX3 3IHIM)
40

°0-15 3HL

WNY123dS IWV14

H

ﬁ

i

S3¥Nivid v

** i

dIONINd

FIGURE 36



(101)
TABLE 10 -

SPECTRAL LINES OBSERVED IN THE STRONTIUM FLAMES (WIRE EXPERIMENTS)

A [A%] ~ SPECIE ENERGY LEVELS [K] COMMENTS
4077.71 SrIl 0-24517 very weak
4215.52 SrIl 0-23715 ' very weak
4226,73 Ca 0-23652 impurity
4319.05 SrI
4319.12 SrI
4337.66 SrI
4337.89 SrIl
4607.33 Srl 0-21698 self-reversed
4722.28 SrI 14504-35675
4741.92 SrIl 14318-35400
4784 .32 SrI 14504-35400
4811.88 Srl 14899-35675
4832.07 SrI 14504-35194
4868.70 SrI 18219-38752 very weak
4872.49 SrI 14504-35022
4876.06 Srl 14504-35007
4876 .32 Srl 14899-35400
4891, 98 SrI 18319-38755 very weak
4962.26 SrI 14899-35045
4967.94 SrI 14899-35022
5156.07 Srl 20150-39539 very weak
5222.20 SrI 18159-37302 " "
5225.11 SrI 18159-37292 " "
5229.27 SrI 18219-37336 ' " "
5238.55 Ssrl 18219-37302 " "
5256.90 Srl 18319-37336
5450.84 : SrI ‘ 18219-36560
5480.84 Srl 18319-36560 _

5486.12 SrI 18159-36382 very weak

5504.17 SrI : 18219-36382

5521.83 SrI 18159-36264

5534.81 SrI 18319-36382

5540.05 srI 18219-36264

5889.96 Na 0-16973 impurity

5895.93 Na 0-16956 impurity

6345.75 SrI 18219-33973 very weak

6363.94 Srl 18159-33868 very weak

6369.96 SrI 18159-33853

6380.75 SrI 18159-~-33827

6386.50 SrI 18319-33973

6388.24 Srl 18219-33868

6408.47 SrI 18319-33919

6504.00 Srl +18219-33590

6546.79 ' Srl 18319-33590

6550.26 SrI 21698-36961

6707.844 Li . 0-14904 impurity

6791.05 Srl 14318-29039

6878.38 SrI 14504-29039

6892.59 srl 0-14503 integ—systim
line P, So

The lines at 6617.26 and 6643.54 A° are obscured by the

band systems in this region.



(102)

‘'The bands in the region from 6400 to 6850 a° were
also attributed to the oxide. The description of the oxide
bands as possessing "strong complex structure" (29) appeared
to characterize the observed bands more suitably than the
description of the overlapping SrOH bands which are termed
"diffuse".

As indicated in the case of calcium,'water vapor
should have been present in only trace amounts since dry
gases were used in the experiments. It would be surprising
if the hydroxide bands could be the major emitter observed,
although there is probably some small contribution from the
hydroxide bands.

The similarities of the strontium spéctrum of
Figure 35 to the corresponding spectrum of the calcium
flame should be noted. The profiles of the lines and bands
show the same spatial variations, and indicate that for
strontium as well as calcium the zone of radiation lying
close to the wire and extending to about half the radius of
the luminous envelope contains both the metal and metal oxide
vapors at their peak intensity.

Note again that the resonance line at 4607.33 a°
for strontium is self-reversed over the inner portion of its
length, but that it is not self-reversed over the remainder
of its length corresponding to the outer zone.of the flame.
These observations are the same as were reported for the

corresponding line in the case of calcium.



(103)

C. Magnesium Wire Experiments
(i) Visual and Photographic Observations

The flameé of magnesium ribbons burning in an
atmosphere of 20% oxygen and 80% argon at a total pressure
of 50 torr were observed to be highly asymmetric, in contrast
to the flames of calcium and strontium which posséssed
cylindrical symmetry to a fair degree. A typical flame
photograph of magnesium for the conditions mentioned above
is reproduced in Figure 37.

It was felt that the lack of symmetry in the case
of magnesium could be due to the fact that the metal sample
was in ribbon form rather than the wire or strand shape used
for calcium and strontium. Some attempts were made to burn
wires or strands of magnesium,but it did not produce the de-
sired effect on the symmetry of the flame.

Another more likely cause of thelasymmetry is
the surface oxide coating present on the magnesium samples.
If this coating ruptures it produces a local "jet" of mag-
nesium vapor. The interaction of these vapor streams may be
the distorting effect on the flame symmetry.

It is possible that the lack of symmetry is one
of the few differences when comparing the flames of Mg, Ca
and Sr. The spectroscopic features reported for Mg flames
by Brzustowski (16, 54) are certainly consistent with the
observations reported for Ca and Sr in the previous two
sections of this report. The two-dimensional diffusion

flame burner experiments to be described later also suggest
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that Mg, Ca and Sr have common combustion behavior.
(ii) Spectroscopic Observations

The spectroscopic features reported by Brzustowski
(L6, 54) for magnesium ribbon flames can be compared to the
results reported earlier for Ca and Sr.

The resonance line of Mg at 2852.13 2° is observed
to be self-reversed. However, since these spectra were not
space-resolved it is not possible to determine whether the
line would exhibit the same type of spatial variation as was
observed in the symmetrical Ca and Sr flames.

Brzustowski observed two band systems, the green .
band system of MgO, corresponding to the tfansition B'Z"X Z,
and a complex group of bands in the UV which were un-analyzed
but which were attributed to an oxide of magnesium, possibly
a polyatomic or polymeric specie. Brzustowski labeled these
bands in the UV as (Mgo)n with the limitations of this no-
tation understood to mean either MgO or a polymeric épecie.

Since the time of Brzustowski's experiménts, two
new band systems of MgO have been reported in the literature
(27, 32, 34, 35) for this UV region for magnesium oxide.
Since it had been expected that the complexity of the bands
observed by Brzustowski was possibly caused by a polymeric
specie rather than an overlapping of several band systems of
MgO, Brzustowski's spectroscopic data were re-examined on the
basis of this new information reported in fhe literature.

This re-examination showed that both of the newly
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MAGNESIUM WIRE BURNING IN 20% O, ,
80% Ar AT 50 mm Hg TOTAL PRESSURE.

FIGURE 37
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analyzed band systems, the C.Z‘ - A'Tr and D'A—?A"TT '
were observed in the magnesium flame spectra. Other
features observed in the UV region are still unassigned,

and it is important to note that the three strong features
which Brzustowski identified and labeled at 3721.4, 3725.7
and 3731.8 A° are still not analyzed and are subject to some
question regarding the emitter. A densitometer trace of
this spectral region for a magnesium ribbon burning in an
atmosphere of 30% o2 and 70% Ar at a total pressure of 100
torr is reproduced in Figure 38.

The main features of the spectra observed by
Brzustowski are tabulated in Table 11 for comparison with
the results reported earlier for Ca and Sr.

d. Wire Experiments - Effects of Water Vapor

In the burner experiments which will be described
later in this chapter, in particular in the strontium ex-
periments, it appeared that small amounts of water vapor
in the system resulted in the observance of hydroxide bands
in the spectra. To confirm these observations, it was dé—
cided that some of the wire-burning experiments should be
repeated to determine whether the addition of water vapor to
the chamber gases would also lead to an enhancement of the
hydroxide bands at the expense of the oxide bands.

The spectra in "dry" and "moist" gaées for the
flames of magnesium, calcium and strontium are shown in
Figures 39, 40 and 41 respectively. These spectra were taken

with a McPherson Model 216.5 half-meter spectrograph using
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TABLE 11

SPECTRAL FEATURES OBSERVED IN THE MAGNESIUM FLAMES (WIRE EXPERIMENTS)

- Ref. Brzustowski (16, 54)

o}

) SPECIE ENERGY LEVELS [K] COMMENTS
2852.13 Mgl 0-35051 self-reversed
3091.08 " 21850-54192 weak
3092.99 " 21870-54192 "
3096.90 " 21911-54192 "
3329.93 " 21850-51872 "
3332.15 " 21870-51872 "
3336.68 " 21911-51872 "
3829.35 " 21850-47957
3832.31 " 21870-47957
3838.26 " 21911-47957
4030.75 Mn 0-24802 impurity
4033.07 Mn 0-24788 "
4034.49 Mn 0-24779 "
4571.15 Mgl 0-21870 integ-systfm

line Pl"‘" S,
5167.34 Mgl 21850-41197
5172.70 " 21870-41197
5183.62 " 21911-41197 v
5889.96 Na 0-16973 impurity
5895.93 Na 0-16956 "

In addition to the above atomic species, the MgO green
band system B'Z=* X'} 5007.3 A® and complex bands in the UV
were observed. The C'S ~+A'T and D'A—»A'T UV systems
which have recently been analyzed were identified among the complex
bands in the UV. Other UV bands are still unanalyzed.

Polaroid Film Type 57 with an ASA rating of 3000. The region of

the spectrum observed was centered about 4000 Ao, 6000Ao and 6300 Ao
for the flames of Mg, Ca and Sr respectively. These wavelength
regions permitted the observation of the following regions: the

UV region for magnesium in which the bands of MgOH and the C - A

and D= A systems of MgO overlap; the green and orange regions

for calcium in which the bands of CaOH and two systems attributed

to an oxide of calcium overlap; the region from 5950 a° to 6100 a°

where bands of SrOH and an oxide of strontium overlap.
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A comparison of the spectra in Figures 39, 40 and
41 does confirm the identification of the band systems in
both the wire experiments reported earlier in this chapter
and the burner experiments reported below. In the wire ex-
periments the predominant emitter is the oxide, whereas in
the burner experiments the presence of the hydroxide bands,
in the region where oxide and hydroxide bands overlap, is
eonfirmed.

2. Two-Dimensional Diffusion Flame Burner Experiments

The experiments in the two-dimensional diffusion
flame burner were conducted at pressures of 100 or 200 torr
because of limitations of the apparatus at both higher and
lower pressures. The oxidizer mixture was 10% Oxygen and
90% Argon in all but a few of the experiments. The carrier
gas for the metal vapor was argon. The combustion chamber
was filled with argon prior to the experiment.
a. Magnesium Burner Experiments

Because of its higher vapor pressure, magnesium was
the metal used in the initial experiments in the two-dimensional
diffusion flame burner. More experiments have been performed
for magnesium than for either of the other twe metals,
calcium and strontium, but the experimental observations suggest
common features in their combustion behavior for all three
of these metals. The magnesium results will be presented in

somewhat more detail than those for calcium and strontium
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but it should be noted that theyvare probably typical
observations for the alkaline-earth metals.
(1) visual Observations

When the metal sample was placed in the pre-
heated burner assembly in which all the gas flows were al-
ready established, a flame appeared almost immediately at
the exit of the fuel and oxidizer ducts. The flame appeared
to extend to the duct exit, i.e., no dark space was observed
between the end of the ducts and the start of the luminosity.

The flame was wedge-shaped with the thickness of
the wedge increasing gradually as one moved from the duct
exit to positions further from the burner. The central
region of the wedge when viewed end-on appeared to have the
highest luminosity but the variation in intensity across
the flame was gradual.

The flames observed were quite steady and could be
maintained for a period of several minutes.

One of the problems encountered initially was the
buildup of a deposit on the lip of the metal divider between
the two ducts. For the conditions under which these experi-
ments were eventually performed, i.e., furnace temperature,
flow rates, oxidizer mixtures, etc., it was observed that
although a deposit still formed, it did not appear to dis-
tort the flame geometry or influence the grosé features of
the flame as the deposit greﬁ in size.

The overall duration of the experiment was a com-
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promise to allow a reasonable amount of time for spectro-
scopic observations before the buildup of the deposit at the
burner exit affected the flame significantly and before the
amount of oxide generated in the chamber coated the chamber
windows appreciably.

(ii) Space-Resolved Spectroscopic Observations

To determine the relative locations in the flame of
the various radiating species, space-resolved spectra of the
two-dimensional diffusion flames were obtained as indicated in
the schematic in Figure 42. The portion of the flame viewed
by the spectograph was a region approximately 12 mm above the
burner top. This distance corresponds to about half of the
overall flame length.

A typical space-resolved spectrum of a magnesium
flame for these experiments is reproduced in Figure 42. The
details of the spatial variation of the lines and bands ob-
served can be seen more clearly in the enlarged photographs
of certain regions of this spectrum which are presented in
Figures 43 and 44.

The species observed in these spectra were the same
for the magnesium burner experiments as they were for the
magnesium wire experiments with the following exceptions:

(1) The MgO "red system" which was not observed

in the wire experiments was observed weakly
in these burner experiments.

(2) Different impurity lines were observed. The

manganese lines observed in the Mg wire experi-
ments were not seen in the burner experiments.

The resonance lines of both Ca and Li were
observed in the Mg burner spectra.



(115)

IV %06-°0%0! FYNLXIN ¥3IZIAIXO BH wwooz IWNSSIYd TV.LOL

JAV14 NOISN44Id d-2 WNISINOVW 40 WNYLO3dS

03SOdWIH3IdNS SY3QYO GNZ ONV 1s|

89'9¢CE
Gl'2eee
: 06'960¢
1 pH8°L0LS 66260¢ g1resee
80160¢
n_OZ
34IS ¥3Z1aI1X0

301S 1304

= e
NOISN44I0 0-2

11I71S HdVd904103dS
40 NOILISOd 3AILVT3Y

L

29°¢8IS
orelis NEass

12 WA\ OB

'de-°S,
Gl'lLSY

- 1y-%

~— 1y -bp

/ ATBW3SSV ¥3NdNG

W3LSAS AN

92'8¢8¢
I€'2€8¢E
ce'eegse

Obw

FIGURE 42



(1e)

34IS
¥3Z1d1X0

341S
13n4d

341S
43Z141X0

34IS
13Nnd

v

%o

06 -°0%01 IYNLXIN H¥IZIAIXO BH WwOOzZ 3YNSSI™d WLOL

JWV14 NOISN4410 d-¢ WNISINOVIN 40 AWNYLI3d4S

29'¢8I1S I, o
0L2.1S do =S,
v€L9IS 27,006 ObW Gl 1.6t

il |

SW3L1SAS AN
ObW

9¢ ‘8£8¢

008 922b Lo
|

FIGURE 43



(17)

IV %06 —°0 %0l FYNLXIN ¥3ZIAIXO BH ww 00z 3IYNSSI¥d TVIOL
JAV14 NOISN44Id d-2 WNISINOVIN 40 WNYLDO3dS

ON
17 06w Obw €6°G68G
bv8 ._BB L ___ €9 m.om_wow mm.mmmm
>
S e
o9
mmMN
£,
20
Qc
A
Obw
ON G GL.S 29°¢81S
£6°6686G Y3040 aNZ OB 0L°2L1S
96 ‘688G ¢l 2582 8'81GS ¢ L9IG
| _ _ Al
Q
b4
» s
m N
2

34ai1s
BELE

FIGURE 44



(118)

Since the magnesium in the wire experiments
‘and the burner experiments came from different
"sources it is not surprising that the ob-
served impurity lines do not correspond in’
the two experiments. It should be noted how-
ever that the Li line at 6707.844 A~ was ob-
served in the burner spectra of Mg, Ca and Sr
and it is likely that this impurity arises-
from some part of the burner assembly rather
than the metal sample itself.

3. The amounts of water vapor present as impurity
in the chamber gases appeared to be more of a
problem in the burner experiments than in the
previously reported wire experiments. Thus,
the complex bands in the UV probably contain
a greater contribution from MgOH than was ob-
served in the wire experiments although all
of the strong features including the C —> A
and D = A transitions for MgO were observed
in the magnesium burner spectra.

The important features of these burner spectra are
the intensity variations of the various lines and bands with
respect to their location in the flame. A convenient reference
line is the narrow streak of continuum present in the middle
of the spectrum which is most likely due to emission by the
hot condensed oxide particles. 1In the following paragraphs
reference will be made to the fuel side and the oxidizer side
of the flame relative to this region of continuum radiation.
The fuel and oxidizer sides of the flame are indicated in
Figures 42, 43 and 44.

The continuum radiation was always relatively weak
in intensity in comparison with the line and band emission
observed. In addition, as indicated above, it is confined
to a rather narrow region of the flame.

Lines of Mg as well as several impurities are ob-

served to extend to both the oxidizer and fuel sides of
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this continuum streak. In most cases, the peak intensity
of these lines was near or coincided with the location of
the continuum radiation, although some radiation was ob-
served at locations reasonably distant from this continuum
streak.

The resonance line of Mg at 2852.13 a° is ob-
served in second order. It is quite weak in intensity and
is observed to be self-reversed. It is also wedge-shaped
in appearance, being much broader on the fuel side of the
continuum streak and narrowing in breadth as one moves
toward the oxidizer side.

The red, green and two UV band systems of MgO
are all observed in these spectra. The peak intensity of
these band systems appears to coincide with the location
of continuum radiation in the flame, but the bands are ob-
served in emission on both the fuel and oxidizer sides of
this continuum streak.

Bands in the UV which are not a part of the C-A
and D-A transitions of MgO but are believed to be MgO bands
are also observed. Three of these features extend rather
far from the region of continuum radiation although their
intensity is greatly reduced in these regions.

b. Calcium Burner Experiments
(i) vVisual Observations

As in the case of ﬁagnesium, steady flames were

observed at the exit of the ducts for the case of calcium.

The flame appeared slightly smaller in overall dimensions
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with a somewhat thinner wedge shape as well. The flame
appeared to extendlto the burner lip with no evidence of a
dark zone between the burner itself and the onset of radiation.

The problems with the growth of the deposit on the
metal separation between the ducts were much reduced. The
deposit remained much smaller than in the case of magnesium
and did not appear to distort the flame.

(ii) Space-Resolved Spectroscopic Observations

A typical space-resolved spectrum for a two-
dimensional calcium diffusion flame is reproduced in Figure
45. Enlargements of particular regions of this spectrum
illustrating the spatial variation of the intensity of the
lines and bands are provided in Figures 46 and 47.

The species identified in these spectra are the
same as those identified for the calcium flames in the wire
experiments with the following exceptions:

(L) The green bands due to the hydroxide CaOH are
observed in addition to the bands of the green
system of calcium oxide. In the orange region
it is more difficult to determine which
emitter predominates. This can be substanti-
ated by the spectra taken in "dry" and "moist"

atmospheres reported earlier in this chapter.

(2) Bands of Cag were observed in the region
near 6920 A~ .

(3) The weak bands observed at slightly longer
wavelengths than the CaH bands, appear to be
the first few bands of the Ca0 "extreme red
system" the great majority of which falls
outside the range of the spectrograph used
in these investigations.
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‘The variation in intensity as a function of location
in the flame ihdicates that the magnesium and calcium flames
are quite similar. The continuum radiation is weak in
intensity relative to the lines and bands observed. As in
the case of magneSium, this continuum radiation is confined
to a rather narrow region of the flame. Bands of the oxide
and hydroxide as well as numerous lines of the metal and
several lines due to impurities extend beyond the region of
continuum radiation on both the fuel and oxidizer sides of
the flame.

The resonance line of Ca at 4226.73 A° is self-
reversed. It is wedge—éhaped as was the corresponding line
for Mg, with the broad edge of the wedge on the fuel side,
ana fhe tapering of the line width occufring as one moves
towards the oxidizer side of the flame.

c. Strontium Burner Experiments
(i) Visual Observations

The visual observations for the strontium two-
dimensional diffusion flame are in almost all respects’tﬁe
same as those fbr the calcium flame. The growth of the de-
posit at the lip of the burner wés also less troublesome
than in the case of magnesium.

The flames observed Were quite steady and no
trouble was éxperienced in obtaining sufficient exposure

times for spectroscopic observations.
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(ii) = Space-Resolved Spectroscopic Observations

A typicai spectrum of a strontium flame for these
burner experiments is reproduced in Figure 48. Enlargements
of particular regions of this spectrum are presented in
Figures 49 and 50 to illustrate more clearly the spatial
variation of the spectral features observed.

The spectral features observed in these burner
spectra were the same as those identified in the strontium
wire experiments with the following exceptions:

(1) The bands due to SrOH in the region near 6050 a°
appeared much more strongly then the oxide bands
which partially overlap the hydroxide bands.
This observation was confirmed by the wire
experiments in "dry" and "moist" atmospheres
reported earlier in this chapter. Plate com-
parison of the spectra in Figure 41 illustrates
that the addition of water vapor results in
an enhancement of the same bands that were
observed in the strontium burner spectra
and attributed to SrOH.

(2) A tentative identification was _made for bands
of Srcl at 6744.7 and 6613.7 A° respectively
and bands of_ SrF were identified at 6632.7
and 6512.0 A° respectively. These bands are
clearly marked and are violet degraded. This
description fits both the strontium chloride
and strontium fluoride systems. It does not
fit the descriptions of either the SrO or SrOH
systems which lie in overlapping regions of
the spectrum.

The intensity variation, as a function of position
in the flame, for the lines and bands of the metal and metal
oxide vapor as well as the lines due to several impurities
show a similarity to the corresponding observations in the

magnesium and calcium flames.
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The continuum radiation is observed to be rather
weak in intensity relative to the line and band radiation.
In addition, it is confined to a rather narrow region of the
flame.

Most of the lines and bands have their peak
intensity located near or coincident with the locétion of
the flame emitting the continuum radiation, although the
radiation from these vapor species does extend to locations
on both the fuel and oxidizer sides of this continuum streak.

The resonance line of Sr at 4607.33 A° shows the
same self-reversed and wedge-shaped profile that was observed

for the corresponding lines of Mg and Ca.



(130)

CHAPTER VI - DISCUSSION AND INTERPRETATION OF EXPERIMENTAL
' OBSERVATIONS '

In this chapter an attempt is made to interpret the
observations reported in the previous chapter on the basis of
the flame model of Brzustowski and Glassman (15). Discrepan-
cies between these observations and the Brzustowski-Glassman
model are noted. A new model for the flame structure which
accounts for the observations of the present investigation and
for the results of other investigators will be outlined in

Chapter VII.

l. Comments on the Spectroscopic Observations

Although specific comments will be méde in sections
2 and 4 of this chapter for the spectroscopic observétions of
each of the metals calcium, strontium and magnesium for both
the wire and burner experiments, it is appropriate to make
some general comments first.

In Chapter III it was pointed out that much con-
fusion still exists regarding the band systems attributed to
the oxides of the alkaline-earth metals. In most cases there
has been an observation of a complex series of bands that have
not been ‘analyzed, and although they are assigned to an oxide,
it is not certain that the emitter is not polymeric or poly-
atomic. In any case, if is generally suggested that the com-
plexity of these bands rules out the likelihood that they are
due to transitions between singlet states, and that triplet
states are one possibility; the other possibility is a polymeric

or polyatomic emitter.
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The above postulates regarding the emitter of these
bands are partiéularly interesting in view of the spectro-
scopic observations in the wire experiments for the flames of
calcium, strontium and magnesium. For both calcium and strontiym_
none of the analyzed band systems assigned to transitions be-
tween singlet states of the simple oxides, Ca0O and SrO,. are
observed. 1Instead the two band systems which are observed for
each of these flames are the complex systems that are still
unanalyzed. In the case of magnesium, spectroscopic obser-
vations showed that one of the analyzed band systems, the green
bands for theB'Z"")(“Z transition in MgO, is observed, but
in addition a complex system of bands in the UV is present.

One might postulate that a possible explanation for
the spectroscopic observations noted above is that conditions
in the flame are favorable to the production of polymeric
and/or polyatomic oxides of the alkaline-earth metals, or at
least that triplet states of the simple oxide are favored in
comparison to the singlet states. Such information is very
important to the determination of flame structure since it
might be an indication of the individual kinetic steps involved
in the overall reaction.

However, when one also considers the spectroscopic
observations for the burner experiments in addition to some
new spectroscopic inforﬁation in the literature, it appears
less likely that the conditions in the flame favor polymeric
or polyatomic emitters or triplet states instead of singlet

states of the diatomic oxide.
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.In the case of magnesium the experiments of Brewer
and Trajmar (27), Brewer, Trajmar and Berg (32), Trajmar and
Ewing (34, 35) and Green (36) have shown that many of the
complex bands in the UV that had been unanalyzed and thought
to be due to a polymeric or polyatomic oxide, or transitions
between triplet states of MgO are in fact none of these. Two
new band systems corresponding to the transitions cli""q“’r
and D'A “"H“" between two new singlet states (C‘Z.- and
D'A ) and a previously known singlet state (H' T ) of
MgO have been found among the complex UV bands. Although a
few features existing in the UV spectra of magnesium flames
are still not contained in the newly identified band systems
mentioned above, it is not likely that they are due to an
oxide other than MgO, i.e., they are probably neither polymeric
or polyatomic (27). Since most of the bands observed in the
UV region in the spectra of magnesium flames thus correspond
to transitions between singlet states of MgO, the suggestion
that these flames may be a source favorable to the production
of triplet states and polyatomic or polymeric oxides must be
looked at somewhat doubtfully.

In the case of calcium and strontium it is a possi-
bility that the complexity of the unanalyzed.bands attributed
to their oxides could also be due to an overlapping of band
systems corresponding to transitions between singlet states
as was found for magnesium. ‘The recent work of Hauge (37) in
which an oxygen isotope substitution experiment was performed

to identify the emitter of the green and orange band systems
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attributed to-calcium oxide, has not resolved this problem
and the identity of the emitters is still in doubt.

The results of the burner experiments for calcium
showed that one of the analyzed band systems of the diatomic
oxide CaO, the "extreme red system", did appear weakly in the
spectra. Most of the "extreme red system" falls outside the
range of the spectrograph used in the present investigation,
but a few weak bands lie within the region of the spectrum
observed. The corresponding system for Sr falls outside the
spectral region observed. The absence of the analyzed band
systems in the spectra in the wire experiments is most likely
due to a lack of intensity (i.e., these systems would be ob-
served if exposure times were not limited by the duration of
the flame).

2. Wire Burning Experiments

a. Calcium

The appearance of an inner zone of orange radiation
extending from a point near the wire surface to a position at
about half the radius of the luminous envelope, can not be ex-
plained on the basis of the Brzustowski-Glassman flame model.
In the Brzustowski-Glassman model the reaction zone is assumed
to be a collapsed front at the outer edge of the luminous en-
velope. The only specie assumed to be present between this
collapsed reaction zone and tﬁe wire surface is metal vapor.
If the inner zone of the flame is hot enough to cause the metal
vapor to radiate, then the radiation should not fall off at

half radius, since in the Brzustowski-Glassman model the maxi-
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mum temperature is thought to occur at the collapsed flame
front at the outer'edge of the luminous envelope.

The photographs of the calcium flame at selected
wavelength regions of the spectrum using narrow pass inter-
ference filters, demonstrate that the inner zone of radiation
is indeed more than just metal vapor as the Brzustowski-
Glassman model indicates. CaO vapor is present in this inner
region of the flame, and the radiation appears to extend to
locations quite near the wire surface. Even if one were to
relax one of the assumptions of the Brzustowski-Glassman model,
which is that all combustion products formed in the flame front
diffuse outwards and back-diffusion of products can be neglected,
it is still not possible to explain why the radiation of the
Ca0 vapor is concentrated in the inner half of the luminous
envelope. As pointed out in Appendix A, the amount of CaO
vapor in the evaporation products is a small fraction of the
total species evaporated so that the maximum concentration of
Ca0 vapor would be expected at the location where the largest
amount of evaporation occurred, namely the high temperature
collapsed reaction zone in the case of the Brzustowski-Glassman
model. It is not likely that the temperature variation over
a distance of about half the flame radius couid so drastically
alter the amount of oxide vapor dissociated as to cause the
absence of CaO radiation fromAthe region where one expected
both the highest concentratidn and the highest temperature and

instead account for the concentration of Ca0O vapor radiation
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in the inner half of the luminous envelope. If the CaO vapor
in the inner half of the luminous envelope is not the result

of back-diffusion of evaporated products, it must be the re-

sult of reaction occurring in the inner zone.

The space-resolved spectra of the calcium flame re-
inforce the observations of the selected wavelength experiments
mentioned above. Reference to Figure 32 shows that both band
systems attributed to the oxide show an intensity variation
which peaks in the inner radiation zone between the wire and
about half the radius of the luminous envelope. The spectral
lines due to calcium vapor show the same type of intensity
variation as a function of distance from the wire. Most of
these lines do not extend beyond the edges of the luminous
envelope, although the calcium resonance line at 4226.73 a®
is observed to do so. It is believed that the effect is real
and not due to film halation or light reflections within the
spectrograph during exposure.

The shape and intensity variation of this calcium
resonance line does indicate the possible variation of the
flame temperature as a function of the radius. This line is
extremely broad in the inner radiation zone close to the wire,
where the concentration of Ca vapor is highest. The line is
also self-reversed in this region. As one moves further from
the wire, the line width tapers off répidly, the self reversal
disappears and the line appears in emission in the outer regions

of the luminous envelope. If this line corresponds to equilibrium
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excitation of the calcium vapor for the flame temperature, it
indicates that the inner radiétion zone of the flame is indeed
the regioﬁ of_hiéhesﬁ témperature since the colder calcium
vapor from the‘outer zonelof the flame.absorbs the radiation
from the hotter calcium vapor in the inner zone causing the
resonance line to be self-reversed over a portion of its
length. It is important to note that the resonance line

does appear in emission while still within the limits of the
luminous envelope, an indication that it is not cold Ca vapor
in the combustion chamber which causes the seélf-reversal,

but rather that the regions of hot Ca vapor and cold Ca

vapor are both within the flame itself.

However, if the excitation of the Ca vaporAdoes not
correspond to equilibrium at the flame temperature, one can
only say fhat the electronic temperature of the Ca vapor is
highest in the inner zone and that chemiluminescence may be
responsible for the Ca vapor radiation.

b. Strontium

All of the comments in the preceding section for
calcium‘can be extended to the case of strontium. The visual
and photographic observations indicate a bright zone of
orange-red radiation well inside the 1uminousAenvelope. As
in the case of calcium, the space-resolved spectra for strontium
flames indicate that the spec£ra1 band systems attributed to
strontium oxide and the spectral lines due to the étrontium
vapor have a spatial intensity variation which confirms the

fact that both metal and metal oxide vapor radiate strongly
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in the inner region of the flame.

The resonance line for strontium at 4607.33 A° has
the same characteristic appearance as the equivalent line for
calcium, i.e., it is self-reversed over the middle bortion
of its length, but is in emission in regions still within the
luminous envelope. Thus the comments expressed above about
the temperature variation as a function of radius are also
appropriate for the case of strontium.

c. Magnesium

Since the magnesium flame lacks the symmetry of the
calcium and strontium flames, very little can be said about
the flame structure based on visual and photographic obser-
vations. The flame has a characteristic blue-green color,
but this colored radiation does not appear to be confined to
the inner regions of the luminous envelope as for calcium and
strontium. The edges of the luminous envelope are also not
clearly defined.

The resonance line for magnesium is observed to
be self-reversed. However, since space-resolved spectra were
not obtained for magnesium flames due to the lack of symmetry,
it is not certain where the location of the cold magnesium
vapor 1is, i.e., whether it is still within the luminous en-
velope or whether it is outside the flame itself.

3. Effect of Water Vapor

Figures 39, 40, and 41 of Chapter V which provide

a comparison of the flame spectra of Mg, Ca and Sr respective-
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ly in both'"dry".and "moisf" atmospheres illustrate that the
predominant emitters in the.case of the wire experiments are
the systems attributed to the reépective oxides, réther than
the hydroxides. However, iﬁ view of the difficﬁlties involved
in completely removing‘all traces of water vépor,‘it is.likely
that there will always be some small contribution.from the
hydroxide. Also, as was pointed out in Chapter 111, Scﬁofield
(24) indicates that the dihydroxide has been shown to be more
important that the diatomic oxide in flames containing hydrogen,
except perhaps in flames of very‘high temperature with very low
water content. Considering the high temperatures expected in
metal flames and the attempts made in these investigatiéns to
keep the amount of water vapor at a low level, it is .felt that
the role.played by the hydroxide and/or dihydroxide may be
unimportant.

In the burner experiments to be reported in the
following sections of this chépter, it became obvious from the
speétré that the contribution from the hYdroxide bands was
greater than it was in the wire experiments. Siﬁce the gases
used were from the same souréé in both cases, and the metal
samples came from a common source, it appeared that the water
vapor problems in the burner experiments were connected in
some way with the apparatus itself, perhaps the refractory
casting surrounding the burner assembiy. Thué far no attempts
have been made to eliminate this difficulty since other in-

vestigators (36) have stated that despite a concerted effort
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it was not possible to eliminate entirely the spectral
evidence indicating thg presence of water vapor. If the
water vapor cannot be removed entirely, it would seem to

be more fruitful to attempt to determine its possible role

in the combustion behavior of these metals. The lack of
thermochemical data for the hydroxide and dihydroxide makes

it almost impossible to assess the importance of small amounts
of water vapor in these flames.

4, Two-Dimensional Diffusion Flame Burner Experiments

The general observation that magnesium, calcium
and strontium burner flames possess many common features
in their spectra, e.g. resonance line shape, narrow continuum
streak, similar spatial intensity variation of lines and
bands, etc., suggests that a common flame structure model
may be applicable to all of these metals.

All of the spectral features observed in the wire
experiments are also observed in the burner experiments. The
presence of hydroxide bands in the burner spectra of Ca and
Sr particularly, appears to reduce the intensity of the bands
atffibuted to the oxide which occur in overlapping regions of
the spectrum. However, the same band systems_attributéd to
the oxide are seen in both the wire and 2-D burner experi-
ments, with the exception that the longer available exposure
times in the burner experiments also permit the observation
of the MgO "red system" and the Ca0O "extreme red" system, one

of the known systems of Ca0O. This is an important observation
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since it indicates that the absence of the known systems of
CaO in the spectra of the wire experiments is most likely
just due to a lack of intensity.

The consumption of the metal vapor as it diffuses
toward the oxidizer side of the flame can be followed by
observing the variation of the profile of the resonance line
as a function of the distance from the fuel side of the flame
in the direction of the region of continuum radiation. There
are competing effects on the line intensity. The tempera-
ture is increasing and the concentration of metal vapor is
decreasing because of the diffusive gradient and because of
reaction of the metal vapor. It can be seen from the burner
spectra, particularly for the resonance lines of calcium
and strontium, that the emission profile broadens considerably
at first showing the effect of higher temperature which appears
to overcome the counter-acting decrease in metal vapor con-
centration. Still further across the flame the rapid decrease
in metal vapor concentration is shown by significant reduction

of the line breadth over a very small distance in the flame.

,
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CHAPTER VII - DISCUSSION OF A NEW FLAME STRUCTURE MODEL

This chapter is a déscription of a new model for
the flame structure of vapor phase metal diffusion flames,
in particular the flameslof the alkaline-earth metals Mg, Ca
and Sr. The initial sectiQns of the chapter discuss the ex-
perimental observationsvwhich indicate that‘a reaction region
is located in the inner zone of the‘flame, close to the
metal éurface. Arguments based on observations from this
investigation and‘from the work of other investigators
suggest that a.thermal excitation mechanism is the main
source of the observed radiation for the metal and metal
oxide vapor. Baéed on a thermal excitation mechanism for the
resonance line and the observation regarding the self-
reversal of this line over a portion of its iength, it is
possible to determine thé relative temperatures fér the two
different zones observed in the flame, namely that the inner
zone is the high temperature region of the flame.

Since the heat of condensation of the oxide accounts
for a major heat release in the flame, it is possible to infer
the loéation in which.condensation occurs from a knowledge
of the temperature variation in the flame. The predicted
location of the condensation region based bn the above argu-
ment is consistent with what would be -expected on the basis
of homogeneous gas phase reactions in the inner zone forming
a supergaturated oxide vapor thus leading to rapid‘nucleation

of the oxide.
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‘The nature of the condensed oxide particles and
of their movements within the flame are then discussed.

The presence of the condensed oxide particles in
the reaction zone raises the possibility of heterogeneous
reaction on the surface of the condensed oxide competing
with homogeneous reaction. Although the relative roles
played by these two reaction mechanisms are not completely
resolved, the determination of other flame characteristics
as mentioned above allows one to predict the regions of the
flame in which heterogeneous reaction may predominate.

A comparison is made of the possible kinetic
steps leading to the formation of oxide vapor by homogeneous
reaction.

Thus, the proposed flame structure model contri-
butes information on the following items: the location of the
reaction zone, the nature of the radiation from this =zone,
the relative temperatures of the two zones observed in the
flame, the region in which condensation is likely to occur,
the size and movement of the condensed oxide species in the
flame, the regions of the flame in which heterogeneous re-
action might be expected to be important, and.the possible
kinetic steps producing oxide vapor by homogeneous reaction.

l. Zone of Reaction

It was pointed out in Chapter II that one of the
most commonly accepted flame models is that of Brzustowski

and Glassman characterized by a collapsed reaction zone.
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In the Brzﬁstowskileassman model the reaction zone is .
thought to be located near the edge of the luminous en- -
velope of the flame. The peak flame temperature, which
is expected to be near the boiling point of the oxide, is
thought to coincide with the narrow reaction =zone.

The present investigation demonstrates that
reaction takes place in the inner regions of the luminous’
envelope, namely the zone of ¢olored radiation located near
fhe metal surface. This conclusion is based on both the
photographic observations in which narrow band pass inter-
ference filters were used to isolated selected wavelength
regions of the spectrum and the space-resolved spectro-
scopic observations. These experiments demonstrate con-
clusively the presence of oxide vapor in this inner flame
zone. The argument presented in Chapter VI showed that it
is unlikely that back-diffusion of evaporated (and largely
dissociated) oxide products is responsible for the oxide
concentration in the inner zone. The alternative explanation
is that reaction is responsible for the generation of oxide
vapor in this zone of colored radiation.

2. Thermal or Chemiluminescent Excitation

If metal oxide vapor is formed by reaction in the
inner zone it is important to ascertain whether nucleation
and condensation also occur in this region. A knowledge of
the temperature variation in the flame could be an indicatidn

of condensation since the high temperature region would be
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expected to coincide with the large release of heat accompany-
ing condensation. .For example, in the case of magnesium
oxide the standard heat of formation of the oxide vapor is

+ 1.00 kilocalories per mole, whereas the condensation of

the oxide vapor releases about 113 kilocalories per mole (7).

In order to determine whether the inner 2zone of
the flame is indeed a high temperature zone, one is in-
terested in knowing whether the observed radiation is due to
a thermal or a chemiluminescent excitation mechanism.

Because the inner zone is a region of reaction,
there is almost certainly some deviation from equilibrium
conditions, and it is expected that some of the radiation
would be attributable to chemiluminescent excitation. The
goal here is not to identify the source of the chemilumines-
cence but rather to answer the simpler question of whether
the inner zone of the flame is at a higher temperature than
the outer zone. This knowledge of the temperature profile
would thus serve as an indication of whether condensation
and heat release are occurring in the inner zone of the flame.

Consider the spatial variation of the radiation
from the metal vapor as indicated in the spectra of Figure 32
and 35. Although a portion of this radiation may be attributed
to possible chemiluminescent excitation, there must be a con-
tribution from thermal excitation of the metal vapor. It is
expected that the flame temperature will be near the boiling

point of the oxide. For the oxides of interest in this in-
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vestigation; at pressures of about 50 torr; the temperatures
may exceed 3000°K. If temperafures of this magnitude are
reached in the outer regions of the flame as the Brzustowski-
Glassman model indicates, the contribution from thermal ex-
citation of the metal vapor should be clearly evident. How—‘
ever, the space-resolved spectroscopic observations indicate
that only a few of the calcium lines are observed to extend
to the regions of the flame corresponding to the outer =zone.
Baéed on the gradual reduction in intensity of these calcium
lines as a function of the distance from the inner zone it
seems unlikely that two distinct processes account for the
radiation from the inner and outer zones bf'the flame. If
strong chemiluminescence accounts for essentially all of the
radiation in the inner "lower temperature" zone, and thermal
excitation accounts for radiation from the outer "higher
temperature" zone (with a temperature peak near the outer
edge of the luminous envelope), one would expect an intensity
variation with distance which would have two maxima, one in
each zone. The gradual decay in intensity with distance which
is observed suggests instead that a single process dominates
the excitation. |

The results of the 2-D burner experiments appear to

support the possibility that much of the}radiation observed
can be explained on the basis of thermal excitation. In the
spectra of these experiments, the peak intensity of the lines

and bands appears to coincide with the region of the flame
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emitting the continuum radiatién due to the condensed oxide
particles. Also the'épatial intensity variation of the oxide
band systems shows a rather symmetrical pattern about this
continuum region;- These observations would be consistent
with a thermal excitation mechanism in which the peak tempera-
ture region might be expected to coincide with the fegion of
continuum radiation from the condensed oxide particles.

In the foilowing section, arguments will be pre-
sented which favor thermal excitation as the main source of
the observed emissions.

b. Supporting Evidence for Thermal Excitation - Temperature
Measurements in Metal Flames

wWolfhard and Parker (10) measuréd the flame tempera-
ture of a magnesium - air flame by means of an absoluté in-
tensity measurement. Their results indicated a significant
variation of the emissivity with wavelength, the emissivity
growing larger as the UV region was approached. On the
assumption that the emissivity approached a value of unity
at wavelengths in the region 2400 to 2800 Ao, their measured
flame temperature was approximately 3100°K. This value is in
reasonably good agreement with the boiling point of magnesium
oxide. The measured color temperature was in excess of 3900°K,
a number which they indicated was an unrealistic value for
the flame. Wolfhard and Parker indicated that because of
the effects of the small oxide particles on the flame
emissivity, color temperatures were of no significance. With
flames of greater optical depth, Wolfhard and Parker expected

that emissivity in the visible region of the spectrum would
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be higher than indicated by their results.

This last‘statement may be the explanation of the
results of Scartazzini (11) who measured the flame tempera-
ture of a magnesium-oxygen flame. His results indicated
flame emissivities of nearly unity in the visible :egions
of the spectrum. Measured temperatures reached a maximum
of about 2900°K which compares reasonably with 3100°K
measured by Wolfhard and Parker. Color temperatures were
found to be about 4OOOOK, a value also in good agreement
with the color temperature measured by Wolfhard and Parker,
but considered to be too high a temperature for the flame.

Nazimova and Sokolov investigated the possibility
of chemiluminescence in a magnesium-oxygen flame. They
measured a temperature for the magnesium oxide vapor by using
intensity ratios of pairs of band heads of the MgO green
system which corresponds to the transition from the B'Y
state to the X/’Z: state. Their observations indicated
that the radiation from the oxide vapor corresponded to an
equilibrium situation with a temperature of 3000°K. This
value compares favorably with the temperatures of 2900°K
and 3100°K measured by Wolfhard and Parker (10), and
Scartazzini (11) respectively. 1In addition, Nazimova and
Sokolov determined a temperature for the magnesium vapor
using ratios of line intensities. The average temperature
for these measurements is about 3100°k although there is a

greater spread in the individual values than for the corre-
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sponding measurements for the}MgO vapor.

Oon the basis of the equilibrium nature of the
radiation, and on the agreement between the‘temperature
determined for both the oxide vapor and the metal vapor,
Nazimova and Sokolov conclude that the excitation of the
MgO and Mg corresponds to thermal excitation, not chemi-
luminescence.

The good agreement of the temperatures determined
by Wolfhard and Parker (10) aﬁd Scartazzini (11) which were
not based on the Mg or MgO vapor radiation but included the
radiation from the condensed oxide particles) with the
temperatures for Mg and MgO determined by Nazimova and
Sokolov is additional support for a thermal excitation
mechanism.

Although all of the above investigations are for
magnesium flames, there does appear to be some support for
a thermal excitation mechanism for both calcium and strontium
flames as well. Parkinson and Nicholls (57, 58) studied the
radiation emitted from alkaline-earth oxide samples in a

shock tubel. The species observed to radiate in these shock

1Parkinson-and Nicholls indicate that atomic vapors are probably
evaporated from the oxide samples. These atomic vapors which
are heated thermally in the hot gases behind the shock wave
react to give the resulting spectra. It is important to note
that it is a reacting system leading to the radiation, as
opposed to thermal excitation of oxide vapor evaporated from

the sample. The vaporization studies reported in Appendix A
confirm the fact that atomic species, rather than molecular
species are expected to be the major evaporation products. Thus,
the results of these shock-tube studies are applicable to the
‘present investigation of metal flames.
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tube studies are the same species identified in the flame
spectra in the presént investigation. For magnesium oxide
the green system B’E —4 X’'ST and the complex bands in the
UV around 3800A° were observed. TFor calcium oxide, the
green and orange bond systems attributed to an oxide (possibly
polymeric or polyatomic) were observed. For strontium oxide,
two similar unanalyzed systems that are attributed to an
oxide which may also be polyatomic or polymeric were ob-
served. Since these unanalyzed systems are so complex, the
type of investigation performed by Nazimova and Sokolov for
the bands of MgO cannot be performed for the bands due to
the oxides of calcium and strontium. In these shock tube
studies the temperature was varied by varying the shock
strength. Changes in the spectra were then noted as a
function of the shock Mach number. Nicholls, Parkinson and
Reeves (59) stated that "in general, the strongest features
which might be expected from a thermal excitation standpoint
appeér.. . . . The change from molecular to atomic spectra
with increasing temperature . . . suggests a general thermal
excitation mechanism. This is consistent with the intensity
distribution of each spectrum."

It thus appears that in reacting systems of alkaline-
earth metals and oxygen a thermal excitation mechanism is
responsible for the major emissions.

3. Relative Temperatures in the Two Flame Zones

It was pointed out in Chapter VI that the resonance

1line of Ca and Sr in the space-resolved spectra of the wire
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experimenté is self-reversed over a portion of its length.
Since the radiation appears to be due largely to a thermal
excitation mechanism, the self reversal thus indicates that
the inner zone of the flame is hotter than the outer region.
In order for the flame to have its highest temperature
region located in the inner zone of the flame, one would
expect that condensation is also occurring throughoﬁt the
zone of colored radiation. The following section presents
additional arguments indicating that the inner zone is the
location of the condensation.

4. Location of Condensed Oxide Particles in the Flame

As was indicated earlier in this chapter, the spectro-
scopic observations confirmed the presence of oxide vapor in
the inner zone of the flame. Having demonstrated that the
oxide vapor is most likely generated by reaction in this zone
of the flame, a logical argument can be made for the existence
of condensed oxide particles in this zone.

Courtney (60) defines the various stages of con-
densation as nucleation, growth and agglomeration. He indi-
cates that the process of nucleation is generally the slow
step in condensation, and thus this aspect deserves closer
attention. The rate of nucleation increases rapidly with
the.degree of supersaturation. 1In a reacting metal—oxygen
system the degree of supersaturation can become very large.
Courtney cites as an example the adiabatic reaction of a

stoichiometric mixture of Mg vapor and oxygen at a temper-
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ature of 600°C and a total pressure of 1 torr. Calculations
indicate that the supersaturation of the uncondensed vapor

20 an extremely large value

is a number of the order of 10
in comparison with corresponding values for other systems
such as water vapor condensation which have been studied
more extensively. Typically, a supersaturation of 6 for a
water vapor experiment at -10°c indicates condensation in
about 50 msec (61). The extremely high value for the calcu-
lated supersaturation in the above example for Mg—o2 reaction
is taken an an indication that nucleation should be a very
rapid process. Markstein (21) also comments that the re-
action to form oxide vapor would probabiy generate a large
supersaturation and nucleaéion would occur rapidly. For the
flame conditions of the present investigation similar cal-
culations indicate a supersaturation value expressed in
powers of ten. These arguments lead to the conclusion that
-the generation of oxide vapor by réaction in the inner zone
of the flame will also lead to nucleétion and condensation
of oxidevparticles in this zone. The large heat release
accompanying condensation can indeed make the inner zone of
the flame a high temperature region. The inteérpretation of
the flame radiation on the basis of thermal excitation thus
appears to be a consistent explanation of the flame structure.
The work discussed in this section indicates that

particles do condense in the inner zone of the flame. 1In

order to discuss particle movement in the flame, it is of
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interest to know the size of particles likely to be encoun-
tered in metal flames. The next section describes the
particle sizes and section 6 discusses particle movement
in the flame.

5. Oxide Particle Sizes

The sizes of oxide particles which form in metal-
oxygen flames have been reported by several investigators.
There appears to be general agreement that the particle

diameters are submicron in size.
A very rough estimate is available from the work

of Wolfhard and Parker (10). They state that the bluish
color of the smoke from a magnesium-air flame can be taken
as an indication that the particle size is less than the
wavelength of light. Thus, for a magnesium flame at atmo-
spheric pressure an approximate limit for the oxide particle
diameter is 5000 A°.

Markstein (21, 62) reports particle diameters of
50 or 100 A® for MgO particles generated in his dilute
diffusion flame experiments at pressures in the range 2 to
20 torr. These values are based on electron microscope and
x-ray diffraction measurements.

Courtney (63) also studied the reacfion of Mg vapor

and O, at low pressures of about 1 torr. Electron microscope

2
measurements indicated a particle size of 100 a°.

Gouldin (64, 65) has determined an upper limit for
the particle sizes for MgO, CaO and SrO particles formed in

metal flames at low pressures identical to those reported in
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the wire-burning studies in this investigation. The
electron micrographs for these particles indicate sizes

of about 400 A° for Ca0O and SrO, and somewhat larger
particles 500 a° to 1000 A° for MgO. In Gouldin's experi-

ments the particles were sampled from the atmosphere out-
side the flame itself. It was thought that the pafticles
in this region would have experienced their full growth
history and as such would be representative of the larger
particles formed in the flame.

6. Particle Movement in the Flame

An important consideration of the flame model of
Brzustowski and Glassman (15) is based on the indication
that condensed oxide particles are probably formed in the
flame zone itself. The conditions under which these particles
are likely to be transported out of the flame zone are also
outlined. In the Brzustowski-Glassman model (15), the film
BC is a zone in which the inward diffusion of oxidizer is
opposed by the outward flow of gaseous combustion products.
It is stated that "condensed oxide particles can be trans-
ported out of the flame zone only if there is a bulk outward
gas velocity in BC". The conditions under which a bulk gas
velocity outward can be expected are determined by a para-
meter ©&{ which is the fraction of oxide vaporized. It should

be noted that © is a function of the radius since it de-

creases due to further condensation of the products as they

move outward. Thus, even though the particles can be swept
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from the flame zone, it is likely that a region will occur
where the particles.pile up.

Simply stated; the criterion for outward bulk
velocity is that "more than one mole of gaseous products is
formed in the flame for every mole of oxidizer consumed".

Brzustowski's experimental results correlate well
with the considerations expressed above regarding the move-
ment of condensed oxide particles. In the combustion map for
magnesium burning over a wide pressure range (50 torr to
30 atm) and oxidizer mole fraction (x02 = 0.1 to 1.0),
regions are observed in whicﬁ the condensed products collect
in a heavy deposit in the flame zone itself. In fact, in
some instances the deposit actually extinguishes the flame.
These observations are taken as an indication that there is
no bulk outward gas velocity in the film BC.

In other regions of the combustion map, Brzustowski
observes that the heavy deposits of oxide do not form in the
flame. The absence of heavy deposits is taken as an indi-
cation that the particles are being carried out of the flame
zone by an outward bulk gas velocity.

The conditions under which Brzustowski observes no
heavy deposits in the flame, are comparable to the conditions
under which the present investigation was performed, namely
low oxidizer mole fractions and low pressures.‘ Thus, it is
not at all surprising that heavy deposits are not observed

to form in the flames of Ca and Sr as well. The absence of



(155)

deposits is likely an indication that an outward bulk gas
velocity exists to cafry the oxide particles from the inner
zone of colored radiation, to the outer zone of the flame.

In addition to the outward bulk gas velocity
produced by the gaseous oxide products, there is also the
possibility that metal vapor passes unreacted through the
inner zone of predominantly homogeneous reaction. The out-
ward bulk velocity due to this metal vapor is also expected
to decreasg with increasing radius due to depletion by hetero-
geneous reaction on the oxide smoke particles, if this re-
action mechanism is significant in the outer zone of the flame.

Still another effect which would move the oxide
particles from the hot reaction zone toward the coocler outer
zone of the flame is the mechanism of thermophoresis which
is also called the thermomechanical effect or the radiometer
effect. It is "a force which particles experience in a
temperature gradient; it results from the unbalance in
molecular collisions on the hot and cold side of a particle".
(66) .

The possible role of thermophoresis was brought
to the attention of the author some time ago in discussions
held in this laboratory. Recently, there has been reported
some experimental evidence in the case of aluminum combustion

(67) which indicates that thermophoresis may be an important

mechanism for the movement of small oxide particles. A

quenched sample of a burning aluminum particle with its wake
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of oxide smoke was observed to have a dark zone (no particles)
separating a largeioxide particle from the fine smoke present
in the wake.

In the flames of Ca and Sr in the present investi-
gation, it is expected that the effect would be largest in
the inner reaction zone of the flame since the velocity due
to thermophoresis is directly proportional to the temperature
gradient. The size of the particles also determines the
magnitude of the effect. Thermophoresis forces are largest
for particles which are small compared to the mean free path.
In the present study an entire range of particle sizes are
expected ranging from nuclei consisting of perhaps several
atoms up to particle diameters of typically 100 AO, a number
still small compared to the mean free path. Thus in the
inner zone of the flame whe;e the particles originate, their
very small size would make them subject to significant forces
due to the thermophoresis effect.

The presence of condensed oxide deposits through-
out the flame raises the possibility of heterogeneous re-
action on these particles competing with homogeneous reaction.
The following section discusses the evidence regarding
heterogeneous reaction.

7. Homogeneous versus Heterogeneous Reaction

The question regarding the relative roles of

heterogeneous and homogeneous reaction is still subject to
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a great deal of uncertainty and speculation. In the present
investigation it is shown that the inner zone of the

flame is a reaction zone in which radiation from the metal
vapor and metal oxide vapor is observed. The oxide vapor is
probably the result of homogeneous reaction since very little
oxide vapor is expected in the evaporation products of the
oxides. However, it ik also pointed out in an earlier
section of this chapter, that nucleation is expected to
occur rapidly in these flames, and thus condensed oxide
particles are expected to exist in the inner zone of the
flame. The presence of the particles in this zone raises
the o0ld question about the relative importance of the homo-
geneous and heterogeneous reaction paths. In this regard
the recent results of Markstein (23) are highly significant.
He studied the growth of MgO deposits on a heated nichrome
surface, to determine the effect of temperature on the
collision efficiencye, the fraction of collisions of Mg
atoms with the surface that result in MgO formation. Over
'the temperature range from 410 to 840°K the collision
efficiency dropped from a value of nearly unity, to a value
of 0.02. Although Markstein indicates that the temperature
dependence demonstrated for only a limited temperature range
should not be taken as "unqualified evidence" that hetero-
geneous reaction will be unimportant at high temperatures, it

is an indication that previous anomalies in the spectral
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observations of various investigators studying Mg-0, systems
may be resolved by‘this latest evidence on the possible
temperature dependence of the heterogeneous reaction path.
Markstein indicates that for the conditions present in the
experiments of Courtney (63) and Brzustowski and Glassman
(16, 54), the high temperature of the oxide particles may
have greatly reduced the heterogeneous reaction mechanism.

Assuming that the effect of temperature on the
collision efficiency @ does not reverse itself at tempera-
tures higher than 84OOK, heterogeneous reaction would
probably play a minor role in the reaction zone in the inner
flame region. In the outer region of the flame where it
appears to be cooler (on the basis of the results of this
investigation) a heterogeneous mechanism may still account
for some of the reaction.

In the following section of this chapter a com-
parison is made of the possible kinetic steps for the
formation of oxide vapor.

8. Possible Reaction Steps for the Production of 0Oxide Vapor

Markstein (21) considers most of the possible
reaction steps for the formation of MgO vapor. including
three body reactions, reactions involving the dimer of the
alkaline-earth metal, and the possibility of the formation

of the peroxide. For the conditions of his experiment, in
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particular:for pressures in the range from 2 to 20 torr,
he excludes three body reactions. 1In view of the fact that
Markstein has recently shown (23) a strong dependence of
the collision efficiency (for surface reaction of Mg on
oxide particles) on temperature it is probably worthwhile
to investigate the possibility of three body reactions
competing with bimolecular reactions in the formation of
MgO molecules, in particular for conditions where the MgO
particles might be at a high temperature and heterogeneous
reaction might be suppressed.

Three body reactions for which the activation
energy is small may be expected in some cases to compete
favorably with bimolecular reactions such as:

Mg+02-—-b Mgo + O A H =+ 28 kcal/mole
in which the activation energy must be at least equal to
28 kcal. This possibility, suggested by Walsh in the.
comments following the paper by Markstein (21), is dis-
cussed below.

(a) Reaction Steps Involving the Alkaline-Earth Peroxide

The reaction steps involving the alkaline-earth
peroxide might be the following:

Mg + O, + M —P Mgo, + M

2

Mgo, + Mg —% 2MgO

2
Markstein dismissed this reaction mechanism for

several reasons, one of which was the fact that the alkaline-
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earth peroxides have not been observed experimentally in
the gas phase.

Recently, a set of reaction steps has been pro-
posed by Gordon et al (68) which involves the peroxide, not
as a stable species, but rather_as a reaction intermediate.
Whereas, a normal complex formed by the interaction of a
metal atom and an oxygen molecule might be expected to have
a lifetime of one vibrational period, typically 10_13 seconds,
the peroxide is postulated to have a longer lifetime as a
result of curve crossing, "intersystem crossing between the
triplet surface and an excited triplet surface".

The postulated mechanism can be explained as follows,
if one considers the situation depicted below. For the sake
of simplicity the two-dimensional representation showing a
curve representing the energy as a function of internuclear
distance has been used, rather than the more complex three-
dimensional picture of a surface representing the energy as

a function of the two internuclear distances for a triatomic

A

specie.

#2

ENERGY E
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Consider curve #l1 to represent the energy state
for the coﬁplex formed from ground states of the metal atom
and the.oxygen molecule. Curve #2 represents a bound
excited state. Suppose that a crossing from curve #l to
the excited state, curve #2, occurs once in every one
thousand encounters. After the-crossing has occurfed, the
Mgo, would be expected to remain in the bound excited state
for period of time because the probability that it will cross
back to its original state again would be expected to be
also about one in every one thousand encounters. Thus, the
lifetime of the MgO2 intermediate increases from one vi-

13 seconds to about one

brational period of about 10~
thousand vibrational periods or 10710 seconds. The 1ife-
time of the reaction intermediate is obviously determined
by the assumption that one makes regarding the probability
that a crossing from one triplet surface to another will
occur.

The reaction steps leading to the formation of
MgO by this mechanism could be significant in comparison
with other possible mechanisms since all steps involve only
the major species Mg and 02. However, there is no direct
experimental evidence to indicate that this mechanism is
actually taking place, and the likelihood of these reaction
steps being important is subject to the hypothéses noted

above regarding the proposed interaction of the energy

states of the triatomic specie Mgo,, .
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(b) Reaction Steps Involving the Alkaline-Earth Metal
Dimer

In the flames of interest, metal vapor is con-
tinually vaporized from the metal surface and if the con-
centration of the dimer M92 in this vapor is sufficiently
high, then a bimolecular reaction involving the Mgé dimer
and an oxygen atom may be expected to compete favorably
with other three body reactions for the formation of MgO.

Mg, + O —% MgO + Mg

2
In order to determine whether or not the dimer
could exist in sufficient quantities to be important in the
formation of oxide vapor, the existing literature was ana-
lyzed. The analysis is summarized briefly below along with

calculations estimating the amount of dimer.

() Evidence for the Existence of the Alkaline-Earth
Metal Dimer

The spectroscopic evidence indicates the possi-

bility of the dimer for both Mg, and Ca Hamada (70)

o
lists the spectral features which he has attributed to the
dimer. Other investigators (71) reported observing in
absorption the same features reported by Hamada for Mgz.
The observation of these Mg, bands in absorption occurred
in a vaporization study of Mg,N,,. The above two references
appear to be the only spectroscopic evidence regarding the
existence of the dimer.

A recent compilation of high temperature mass-

spectrometric studies (72) indicates that mass spectrometric
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observations have been performed for the vapors of Be and
Sr. For Be, Nikitin and Gorokhov (73) performed a mass-
spectrometric analysis of the species vaporized from an
effusion cell over the temperature range from 1410°K to
1620°K. They conclude that for thesé experimental conditions,
"the only component of the vaéor is atomic beryllium".

Their results thus confirm the findings of Chupka et al

(74) which were subject to some doubt because of the studies
of Amonenko et al (75). For Sr, the investigation}of
Boerboom et al, (76), for the temperature range 500°C to
650°C, indicates that the vapor effusing from a Knudsen

cell contained only Sr atoms. The accuracy of their de-

tection thus placed an upper limit on the amount of dimer
or other polyatomic species as 1 part in 106.

Some mass-spectrometric measurements were also
performed by Mellor (77) for fhe vaporization of Mg and Ca
at relatively low temperatures, approximately 285°¢c for Mg,
and 290°C and 350°C for Ca. The observations indicated that
within the limits of detection, no dimer was present in the
vapors of either Mg or Ca.

Mellor has also performed calculations to estimate
the mole fraction of dimer expected when Mg and Ca vaporize
at temperatures in the range appropriate to metal diffusion
flames (Brzustowski and Glassman (15) indicated that the
metal surface temperature is several hundred degrees lower

than the metal boiling point.) The calculations for the
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equilibrium amount of dimer, based on the value of the

second virial coefficient, follow the method outlined by
Stogryn and Hirschfelder (78, 79). Table 12 summarizes

Mellor's calculations for Ca and Mg.

TABLE 12

MOLE FRACTION OF DIMER VERSUS TEMPERATURE

_Tok M9s

707 9.5 x 1078

884 5.9 x 10°°
1060 5.4 x 107°
1238 3.5 x 1074
1414 1.2 x 1073

°K XCa2

864 1.5 x 107/
1080 7.1 x 10°°
1295 8.3 x 107>
1510 3.3 x 1074

Boiling point of Mg @ 1 atm = 1376°Kk
Boiling point of Mg @ 50 torr = 1100°K
Boiling point of Ca @ 1 atm = 1762°k
Boiling point of Ca ® 50 torr = 1400°K

An inspection of the values presented in Table 12
illustrates that the bimolecular reaction

Mg, + O A MgO + Mg
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will probably not be competitive with the termolecular re-
action

Mg + O + M =i Mg0O + M

except at very low pressures where the ratio of two-body to
three-body collisions overcomes.the large concentration
differences between Mg and Mg, . typically 5 or 6 orders of
magnitude. The ratio of two-body to three-body reactions

is about 103 at one atmosphere and the number scales according
to'the inverse of the pressure, so that for a ratio of 106
we require a pressure of lO_3 atm, or slightly less than 1
torr.

The possible reaction steps for the formation of
oxide vapor can be summarized as follows. The bimolecular
step

Mg + 0, —% Mgo + O
is endothermic by 28 kilocalories per mole and it is expected
that three body reactions with a low activation energy can
compete favorably with this step. The steps involving the

peroxide MgO, as an intermediate are based on postulated

2

curve crossings to increase the lifetime of the MgO, and there

2
is no direct evidence to support this mechanism. The steps
involving the metal dimer M92 will not be competitive with

the three-body reaction

Mg + 0O + M —® Mgo + M

except at pressures of about 1 torr.



(166)

A schematic of the flame structure proposed in this
chapter is presented in Figure 51.

The next chapter summarizes the new model and com-
pares it with the previous models which are discussed in

Chapter II.
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CHAPTER VIII - SUMMARY OF FLAME MODEL

The present investigation has shown that a re-
action region exists in the inner 2zone of fhe luminous
envelope surrounding the metal sample. The production of
oxide vapor by homogeneous reaction causes a supersaturation
of oxide vapor leading to rapid nucleation. Thus the inner
reaction zone is expected to be a high'temperature region
of the flame due to the liberation of the heatlofvcondensation.
It was demonstrated that the major contribution to the ob-
served radiation is due to a thermal excitation mechanism,
although some contribution from chemiluminescent radiation
may occur in the inner reaction zone. Based on the thermal
nature of the radiation, the self-reversal over a portion of
their length of the resonance lines of the metals Ca and Sr
respectively, indicates that the inner zone of colored radi-
ation in the flame is hotter than the outer zone. |

If the trend shown by Markétein's results (23)
illustrating the decrease of collison efficiency (for surface
reaction) with increasing temperature continues at higher
temperatures, it is anticipated that the inner reaction zone
of the flames of Ca and Sr is thus a zone of predominantly
homogeneous reaction. Heterogeneous reaction would tend to
become more important at larger flame radii wheré it is ex-
pected that the temperature is decreasing.

The model described above is pictured schematicélly

in Figure 51. A comparison of this figure with the figures
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of Chapter‘II demonstrates the differences in the flame model
as a result of the present investigation.

The flame 2zone does not appear to be a "collapsed
reaction zone" as in the model of Brzustowski and Glassman.
The peak flame temperature is not expected to be located at
the outer edge of the luminous envelope. The reaction zone
appears to extend to regions very close to the wire surface,
and makes it difficult to determine the size of an inner zone
such as in the Brzustowski - Glassman model, zone AB, which is
assumed to contain only metal vapor and the inert diluent.

The model due to Coffin (9) assumes an extended
reaction zone such as the present investigation indicates, but
in Coffin's model this zone is assumed to contain no MgO vapor.
It would be impossible to explain the spectroscopic obser-
vations of Brzustowski (16, 54), Courtney (63), and the present
investigation, on the basis of Coffin's model. 1In addition,
the two Zones observed in the Ca and Sr flames, namely a re-
action zone extending almost to the wire surface, and a second
zone containing oxide particles surrounding the zone of
colored radiation, are not distinguished by Coffin.

In the proposed extensions of the Brzustowski -
Glassman model by Knipe (18), it is assumed that reaction
probably proceeds predominantly by heterogeneous reaction in
the case of aluminum combustion, and that this reaction pro-
ceeds at the cloud boundaries. The role played by hetero-
geneous reaction in the case of aluminum combustion could be

significantly different than for the combustion of the
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alkaline—eérth oxides. Unlike the aluminum oxides, the
alkaline-earth oxides are observed to have the same composi-
tion in the condensed and gaseous phases. However, Knipe's
suggestion that reaction proceeds at the cloud boundaries

is appropriate to the flames of the alkaline-earth metals as
well, in view of the trend illustrated by Markstein's re-
sults showing a strong dependence of the heterogeneous re-
action mechanism on temperature. It should be stressed,
however, that Markstein's resultsvare for a limited tempera-
ture range (4109K to 84OOK) and that he states that the
results should not be taken as "unqualified evidence" that
heterogeneous reaction may be unimportaﬁt at higher tempera-
tures.

The differences between the reaction mechanism
proposed by Markstein and the findings of the present in-
vestigation have been indicated throughout the previous
chapter. Unfortunately the relative roles played by homo-
geneous and heterogeneous reaction are still subject to
guestion.

A key test of the main features of the model pro-
posed as a result of the present investigation will be the
results of a parallel experimental study in this laboratory
by Gouldin (64, 65), in which flame temperature meéasurements
will be performed on the flames of Ca and Sr as described
in this report. The technique is basically a brightness-

emissivity temperature measurement in which a correction will
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be made fér the scattering by the small condensed oxide
particles in the flame. The measurements of extinction
coefficient as a function of the radius of the flame will
determine the regions of the flame in which oxide particles
exist. The evaluation of the flame temperature as a
function of the flame radius will confirm whether or not the
inner zone of the flame is indeed hotter than the outer zone.
The knowledge of the temperature gradient may then permit an
estimate of the magnitude of the effect of thermophoresis
on the movement of the small condensed oxide particles.

In summary, the work in the present thesis defines
a flame structure model in which a predominantly homogeneous
reaction zone is located well inside the luminous envelope.
Heat release, which occurs throughout this reaction zone due
to oxide vapor condensation, éccounts for the excitation of
the species observed to radiate. Oxide particles, formed
throughout the reaction zone, are swept out of the inner zone
of the flame by the bulk velocity of the gaseous product
species and thermophoresis effects. Since both effects
decrease with increasing distance from the reaction 2zone,
there is a region in which the particles pile up to form
the outer luminous edge of the flame which is characteristic

of most metal flame photographs.
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APPEND IX A - VAPORIZATION OF THE ALKALINE-EARTH OXIDES

This séction describes the vaporization behavior
of the alkaline-earth oxides as reported in the literature.
The large majority of this information is contained in
a survey article by Ackermann and Thorn (3). New high-
temperature mass-spectrometric data for CaO is referenced
in a recent publication edited by Margrave (72). Other
recent survey articles on the alkaline-earth oxides which
also discuss the vaporization behavior are written by
Schofield (24) and Toropov and Barzakovskii (80).

A knowledge of the vaporization species is very
important for thermochemical calculations since previously
reported values for the heat of sublimation, vapor pressures,
etc., are in error because of the assumptions regarding the
vaporization species. A great deal of the previous work
was carried out in reducing rather than neutral environments
because the investigators failed to assess the influence of
components of their apparatus which reacted with the oxide
(3).

Although dioxides or peroxides are known to exist
for the alkaline-earth metals, they all decomﬁose at reasonably
low temperatures (3, 8l1). Upon decomposition they yield
monoxides and oxygen (3). |

The vaporization behavior of the monoxides or

diatomic oxides does not appear to follow a predictable
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pattern. Mgo and CaO are the only gaseous species to have
been identified for magnesium and calcium, whereas the sub-
oxides Be20, Sr20 and Ba20 have all been observed in addition
to the monoxide for beryllium, strontium and barium re-
spectively (24). Schofield (24) also reports that polymers
have been observed for barium and beryllium, (BaO)2 and
(BeO)n n=l, ...6 . The extent of dissociation upon vaporiza-
tion also varies irregularly or unpredictably for these
oxides. Table 13 contains a listing of the fraction of
molecular species observed in the vaporization products at
comparable pressures for sublimation of the monoxides "in
vacuo" (3).

TABLE 13

SUBLIMATION OF THE MONOXIDES IN VACUO

Specie Temp °k Fraction of Molecular Species
BeO 2200 0.2

MgO 2000 | negligible

Cao 1700 small

Sro 1600 0.4

BaoO 1400 approx. 1

It should be noted that the above listing is for
sublimation "in vacuo". Although almost no experiments
have been undertaken for oxidizing conditions it is stated
(3) that "under oxidizing conditions the concentrations of

gaseous monoxide, monomer, and polymer, and perhaps of
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higher oxides may be sufficiently large to be significant
in several cases ...".

Beryllium Oxide

Vaporization data for beryllium oxide is based on
mass-spectrometric observations by Chupka, Berkowitz and
Giese (82) and Theard and Hildeﬁbrand (83). Be ana O atoms
and (BeO)3 and (Beo)4 molecules were the predominant species

observed with smaller amounts of O BeO, (BeO)2, (Beo)5

2t
(BeO)6 and various tungsten oxides (82). The total pressure
of the polymeric species is approximately one-third the
pressure of the beryllium atoms.

Chupka et al (82) explain the large quantity of
polymeric species for beryllium.oxide (in comparison with
the absence of these species for all of the other alkaline-
earth oxides except BaO) by the much greater tendency of

beryllium to covalency.

Magnesium Oxide

The work of Porter, Chupka and Inghram (84) which
indicated that vaporization "in vacuo" at 1950°K occurs to
the gaseous elements, must be questioned because of the
presence of tantalum in the experiment. For "neutral con-
ditions", there appears to be no reliable measurements (3).

Calcium Oxide

Schofield (24) reports that no absolute mass
spectrometric determination of CaO partial pressures have

been performed.
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Under neutral conditions, calcium oxide sublimes
to gaseous calcium and a small fraction of CaO (3).

Strontium Oxide

Ackermann and Thorn's calculations (3) suggest
that approximately 30% of the vaporized species of strontium
oxide is gaseous strontium and the other species is probably
SrO as indicated by mass-spectrometric observations (84-88).

Barium Oxide

Although small amounts of other species, e.g. Ba,O,

2

(Bao)2 and Ba, 0, have been observed mass-spectrometrically,
barium oxide vaporizes predominantly to the normal diatomic
oxide BaO (89). However, it was concluded (3) that reducing
conditions were present in the experiments of Inghram et al
(89). Since the total amounts of gaseous oxides other than
BaO amounted to less than 0.7%, one can neglect all species
other than Ba0O under neutral conditions (3).

It is suggested (3, 89) that under oxidizing con-
ditions Ba203 (or Ba02) may be an important specie in the
vapor. |
Summary

Under neutral -or reducing conditions, only barium
oxide vaporizes to the simple diatomic oxide BaO without
undergoing extensive dissociation. 1In the case of magnesium

and calcium the dissociation upon vaporization is almost

complete. 1In the case of beryllium and strontium the amount
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of dissociation is significant.

Under dxidizing conditions this significant
amount of dissociation may change and in fact certain
other species may be significant such as the suboxides and
polymeric oxides (which have been observed in mass spectro-

metric studies.
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ABSTRACT

An experimental investigation was undertaken to
determine the flame structure of metal vapor-phase diffusion
flames, in particular the low-pressure flames of the alkaline-
earth metals Mg, Ca and Sr. In these studies thé'flames were
generated in two types of experiments. In the firstitype,
metal samples in the form of wires or strands were mounted
between electrodes and heated to ignition by passing an
electric current through the sample. The resulting "wire
flame" was studied by space-resolved spectroscopy which de-
fined the location of emitters in the cylindrically-symmetric
flames. 1In the second type of experiment, a two-dimensional
diffusion flame burner was adapted to low-pressure ﬁetal com-
bustion studies. The burner provided a flame with a geometry
particularly suited for space-resolved spectroscobic obser-
vations. The longer exposure times available for obtaining
spectra in the burner experiments permitted the observation.of
oxide band systems which had not been observed in the wire
experiments. The observation of these additionalband systems
aided in the interp:et;tion of the spectral results obtained
from the wire experiments.

A new model for the flame structure which accounts
for the observations of this investigation and fér the results
of other investigators is presented. The model is charac-

terized by a broad reaction zone in the inner region of the
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luminous énvelope. Arguments are made to illustrate that the
radiatidn from the metal and metal oxide vapor in the re-
action zone is due mainly to a thermal excitation mechanism.
As a result of the reaction (which is thought to be pre-
dominantly homogeneous), a large supersaturation of oxide
vapor is generated in the inner zbne and this leads to rapid
nucleation ofloxide particles. The nature of.the oxide par-
ticles and the factors which affect their movement in the
flame are discussed. Finally, the various possible kinetic
steps for the production of oxide vapor by homogeneous re-
action are compared and it is concluded that the thfee body
reaction of a metal atom and an oxygen atom with a third body
is more important than other postulated reaction steps in-

volving either the metal dimer or the peroxide.





